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 ABSTRACT 
This thesis is devoted to the design and characterization of surface chemistry of 
materials based on a novel fibrous platform for rapid and selective removal of trace 
contaminants. 
The first project is to study activated carbon fiber composites (ACFCs) for removal of 
NH3 from air. Three series of materials were synthesized and modified, namely Polyvinyl 
alcohol (PVA) based Chemically Activated Carbon Fibers (CAFs) with optimized activation 
temperatures, Kynol based Activated Carbon Fibers (ACFs) and Phenolic based (CAFs) with 
post-treatment by nitric acid. NH3 adsorption performance was measured in flowthrough 
configuration at both 0% and 50% relative humidity conditions. The surface of these 
materials was characterized using SEM, BET, elemental analysis, FTIR, XPS, and Boehm 
titration. High surface area >1000 m2/g of all ACFCs are essential to providing more 
accessible surface functional groups and thus adsorption efficiency. Surface chemistry 
analysis results showed that adsorption performance is correlated with surface acidic oxygen 
groups. As a result, combined with high adsorption capacity and good regenerative efficiency, 
PVA-CAFs provide as an effective solution for NH3 removal in air.  
The second project is to explore the path to design a porous carbon with anion-
exchangeable functional groups, and apply such system towards Cr(VI) removal in drinking 
water. A novel hybrid anion exchangeable activated carbons (HACAX) is synthesized 
through chemical modification of porous carbon surface. Ion exchange capacity, kinetics and 
regeneration tests suggest that HACAX contains stable positive charged functional groups. 
The surface characterization results suggest HACAX not only contains stable positive 
ii 
 
charged functional groups, but also a broad spectrum of surface oxygen functional groups. In 
the study of adsorption of hexavalent chromium, HACAX shows excellent kinetics, 
selectivity and regeneration efficiency towards Cr (VI). Combined with rich surface oxygen 
functional groups, this material provides a pathway to adsorb and convert Cr(VI) into Cr(III) 
at natural pH. The results suggest HACAX could potentially provide an effective point-of-
use (POU) solution for hexavalent chromium removal from drinking water. 
The third project is to study ion exchange fiber composites (IXFCs) for perchlorate 
removal from drinking water. In order to improve selectivity and kinetics, different 
trialkylamines and combinations of them have been employed to modify the surface 
chemistry of IXFCs, and roles of short chain and long chain trialkylamine on improving 
selectivity and kinetics have been studied and discussed. The optimized bi-functional system 
with trihexylamine + triethylamine (THA/TEA) showed one of the highest selectivity with 
improved kinetics. In a field test, addition of THA/TEA IXFCs proves to be an excellent 
solution which could process 200 L of 150 ppb ClO4- contaminated tap water before breaking 
through 1 ppb. 
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 CHAPTER 1  
INTRODUCTION 
1.1 Novel adsorbents are needed to remove emerging contaminants  
Activated carbon (AC) and ion exchange (IX) materials have been widely used in 
industry for air filtration and water purification for decades [1]. As universal, versatile and 
cost-effective adsorbents, both AC and IX have proven to be effective for removal of a wide 
array of pollutants [2]. However, they display poor efficacy against certain emerging 
contaminants. For example, perchlorate (ClO4-), hexavalent chromium (Cr(VI)) and ammonia 
(NH3) all represent contaminants which can be present at extremely low levels, have low 
affinity towards AC or IX, and may be extremely toxic and/or carcinogenic towards human 
health. 
In order to improve affinity, modification of the surface chemistry of both porous 
carbons and ion exchange materials is a potentially attractive route toward novel applications 
[3]. Although research efforts in using IX and AC are ongoing, there is still a lack of 
practical solution due to slow kinetics and poor selectivity [4]. A category of novel 
adsorbents with designed morphology and surface chemistry are urgently needed. 
1.2 Research goals 
The objectives of this research are two-fold: first, employing on a fibrous platform, to 
develop novel surface chemistry to improve both selectivity and kinetics towards three 
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contaminants including perchlorate (ClO4-), hexavalent chromium (Cr(VI)) and ammonia 
(NH3); second, to study surface chemistry and its effects on interaction mechanism between 
adsorbent and adsorbate to better understand the materials properties.  
1.3 Organization 
CHAPTER 2 describes the development of a series of activated carbon fiber 
composites (ACFCs) for removal of ammonia from air. Kynol based ACFs, Phenolic based 
chemically activated carbon fibers (CAFs), and polyvinyl alcohol (PVA) based CAFs have 
been modified to achieve high NH3 adsorption capacity and regeneration efficiency. 
Characterization results show that surface acidic oxygen groups, especially carboxylic acid, 
anhydrides, and acidic phosphate functional groups play a key role in adsorption capacity and 
regeneration efficiency. The results provide a guideline for future design of adsorbents and 
scale up for NH3 removal.  
CHAPTER 3 is an exploratory work on designing the anion exchangeable activated 
carbon system, and applying it towards Cr(VI) removal in drinking water. First, it describes 
the design, synthesis and characterization of novel hybrid anion exchangeable activated 
carbons (HACAX). By tailored alkylation reaction, a porous carbon with anion exchangeable 
surface has been synthesized. By characterizing the general ion exchange properties and 
other surface functional groups, a matrix that contains both stable positive charged anion and 
other surface oxygen functional groups is revealed. Second, this chapter also describes the 
study of hexavalent chromium removal by HACAX materials. HACAX shows excellent 
kinetics and selectivity towards Cr (VI) and is able to remove Cr (VI) down to the ppb levels. 
Combined with rich surface functional groups, this novel material provides a pathway to 
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adsorb, preserve and convert Cr(VI) into Cr(III) at natural pH. The results suggest that 
HACAX may provide as an effective point-of-use (POU) solution for hexavalent chromium 
removal from drinking water. 
CHAPTER 4 describes the development of ion exchange fiber composites (IXFCs) 
for perchlorate removal from drinking water. In this chapter, different trialkylamines and 
combinations of them have been employed to modify the surface chemistry of IXFCs, and 
the optimized bi-functional system has been studied by flowthrough test. Through batch 
kinetic test, roles of each trialkylamine on kinetics and selectivity have been discussed. A 
flowthrough field test of tap water spiked with 150 ppb perchlorate is also performed. 
Compared with commercial filter media which cannot remove perchlorate even down to 10 
ppb, addition of optimized bi-functional IXFCs can process more than 200 L effluents 
without breaking through IC detection limit.  
1.4 References 
[1] Allen, S.J., L. Whitten, and G. McKay, Production and characterization of activated 
carbons: A review. Developments in Chemical Engineering and Mineral Processing, 
1998. 6(5): p. 231-261. 
[2] Chen, Y., et al., Application studies of activated carbon derived from rice husks 
produced by chemical-thermal process—A review. Advances in Colloid and Interface 
Science, 2011. 163(1): p. 39-52. 
[3] Shen, W., Z. Li, and Y. Liu, Surface Chemical Functional Groups Modification of 
Porous Carbon. Recent Patents on Chemical Engineering, 2008. 1(1): p. 27-40. 
[4] Alexandratos, S.D., Ion-Exchange Resins: A Retrospective fromIndustrial and 
Engineering Chemistry Research. Industrial & Engineering Chemistry Research, 
2009. 48(1): p. 388-398. 
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CHAPTER 2  
ACTIVATED CARBON FIBER COMPOSITES FOR AMMONIA REMOVAL 
2.1 Introduction and Literature Review 
2.1.1 Challenge – Remove Ammonia as a Toxic Industrial Chemical  
Toxic industrial chemicals (TICs or called TIMs which is short for Toxic Industrial 
Materials), as defined by OSHA [1], are industrial chemicals that are manufactured, stored, 
transported, and used throughout the world. It may cause health effects including coughing, 
breathing difficulty, irritation of nose, eyes, skin, and even causing death. Some common 
TICs include ammonia, chlorine, hydrogen cyanide, etc. [2].  
TICs pose a significant threat to both civilians and military personnel. In 1984, 40 
tons of methyl isocyanate (a kind of TICs) were released in Bhopal, India, causing 3800 
people killed as well as significant morbidity and premature death for many thousands more 
[3-5]. Despite of the horror by Bhopal disaster, methyl isocyanate is only listed as medium 
hazard of all TICs (Table 2.1) [3]. For the high hazard index TICs, such as ammonia, 
chlorine, due to their availability, ease of acquisition of large quantity and high toxicity, TICs 
could be released accidentally or used by terrorists easily - whichever the case is – causing 
mass casualties and injuries [3].  
Collective protection, such as air filtration unit for fixed sites, is critical to mitigate 
TICs threat to both civilians and military personnel [6, 7]. This requires an air filtration 
media that is effective towards targeted TICs, ease of containment and inexpensive to 
purchase, setup and operate.  
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As for civilians, widely used Granular Activated Carbons (GACs) would be a good 
option for chemical filtration in air [8]. However, for TICs removal, GACs suffers from a 
number of key drawbacks including poor selectivity, slow kinetics, low working capacity and 
inability to be regenerated on-site. As for military personnel, historically, the concerns about 
chemical hazards have been limited to only chemical warfare agents (CWAs), such as tearing 
agents, nerve agents, choking agents, etc. Current military filtration system requirements are 
limited to traditional chemical warfare agents (CWAs) [9]. ASZM-TEDA, a standard 
adsorbent consisting of  impregnated bituminous coal-based activated carbon, has been used 
in military. ASZM-TEDA provides sufficient protection against traditional CWAs including 
various acid compounds [10]. However, due to its basic nature, ASZM-TEDA is incapable of 
removing basic contaminants, for example, ammonia [9]. Furthermore, the large size and 
granular shape of the media complicates containment, and leads to exorbitant operation and 
maintenance costs for collective protection.  
Despite the increased threat from TICs, there is no significant development of current 
technology for TICs collective protection, especially for basic compounds [11]. As one of the 
highest toxic index hazards TICs (Table 2.1) and design-limiting chemicals [3, 9], NH3 is 
notoriously difficult to remove with standard adsorbents. Hence, there is significant interest 
in developing adsorbents for NH3 removal which can be applied for collective protection 
applications.  
 
 
 
 
5 
 
Table 2.1 Selected TICs present on the Hazard Index List [3] 
High hazard Medium hazard Low hazard 
Ammonia Acetone cyanohydrin Arsenic trichloride 
Chlorine Carbonyl sulfide Bromine 
Fluorine Chloroacetone Chlorine trifluoride 
Formaldehyde Ethylene dibromide Cyanogen chloride 
Hydrogen bromide Methyl bromide Dimethyl  sulfate 
Hydrogen cyanide Methyl isocyanate Ethyl chloroformate 
Nitric acid Phosphorus oxychloride Iron pentacarbonyl 
Phosgene Sulfuryl chloride Isopropyl isocyanate 
Sulfur dioxide Trifluoroacetyl chloride Nitric oxide 
2.1.2 Adsorbents for ammonia removal in literature 
In literature, activated carbons have been the most widely used and effective solution 
for NH3 adsorption due to high surface area and low cost [12].  
Virgin activated carbons, including both granular activated carbons (GAC) and 
powdered activated carbons (PAC), have been extensively studied or as comparison in 
several literatures, with relatively low adsorption capacity, ranging from 0.25 to 5.7 mg/g at 
5,000 to 10,000 ppm inlet concentration of NH3  [13-15]. This is because NH3 is a small 
molecule (diameter ~3 Å) with very high vapor pressure (10 atm at 25 °C), resulting in 
relatively weak retention by van der Waals force by virgin activated carbon with average 
pore size ~ 10-20 Å [16]. Although only limited amount of surface chemical functional 
groups present on virgin activated carbon, it was proposed to be the main factor for NH3 
adsorption other than physical adsorption [13]. 
To improve the capacities for NH3 removal, several modification approaches on AC 
have been previously reported in the literature. One approach is by tailoring surface 
chemistry through maximizing acidic functional groups, which is often indicated by oxygen 
content characterized by elemental analysis or XPS [17]. Methods included AC surface 
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oxidation by sulfuric acid [15, 18], nitric acid [14, 17, 18], air [18], hydrogen peroxide and 
sodium dichloroisocyanurate [19].  
Another common approach is through metal chloride salts or oxides impregnation, 
including W, V, Mo, Zn, Cr, Cu, etc. [20-25]. Through these modifications, acidic surface 
functional groups were dramatically increased along with an accompanying adsorption 
capacity ranging from 10-80 mg/g [13-15, 19-24, 26, 27].  
Besides selectivity and kinetics, pressure drop is also very important parameter under 
consideration for collective protection applications. GACs have relatively slow kinetics due 
to the large geometry of granules; PACs have much better contact efficiency; however, 
pressure drop associated with decreasing particle sizes makes it impractical for large scale 
adsorption applications. Therefore, a novel system with improved kinetics with reasonable 
pressure drop for NH3 removal is desired. 
 In addition, low concentration NH3 adsorption, and regeneration at elevated but 
modest temperature is rarely discussed in literature, but is crucial for military applications. 
2.1.3 Fibrous platform to improve kinetics without increasing pressure drop 
In sorption process (including ion exchange), sorption kinetics are mainly controlled 
by three consecutive steps [28]: 1) target contaminants diffuse from boundary film to surface 
of adsorbent (film diffusion); 2) intra-particle mass transfer from surface to active sites 
(intra-particle diffusion); 3) interaction between contaminants and active sites through 
electrostatic or physical interactions. Rate determining/limiting steps are film diffusion 
and/or intra-particle diffusion. Film diffusion rate is inversely proportional to d (diameter of 
adsorbent), while intra-particle diffusion rate is inversely proportional to d2 [29]. Therefore, 
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the smaller size the sorbent particles are, the quicker the contaminants can reach active sites 
and thus it is favorable for faster kinetics. However, smaller sizes of sorbents also lead to 
remarkably increase of pressure drop and thus complicated containment, as illustrated by 
Ergun Equation [30]: 
∆𝑃
𝐿
= 150 µ𝐺
𝑘𝑔𝜌𝐷2
(1 − 𝜀)2
𝜀3
+ 1.75 𝐺2
𝑘𝑔𝜌𝐷
1 − 𝜀
𝜀3
 
where ΔP/L is pressure drop per depth of packed bed, G is mass velocity, ρ is fluid 
density, µ is fluid viscosity, D is effective particle diameter, ε is inter-particle void fraction, g 
is gravitational constant, k is conversion factor. Pressure drop is critical factor for several 
applications, e.g. HVAC (heating, ventilation, and air conditioning) required pressure drop 
within 0.5 – 1.5 inH2O range [31], which limits the minimum size of adsorbents for this 
application. However, Ergun equation also suggests that ΔP/L is strongly related to void 
fraction ε. As for granular or beads media which is closed packed to keep the integrity in 
fixed bed, ε is a fixed value ~ 0.3; however, fibers could be packed with tailored ε while 
keeping its integrity. For example, as shown in Figure 2.1, smaller size (0.3 – 0.9 mm) of 
granular media can adsorb 15 times more than regular size media (3 – 4 mm), however, 
pressure drop was also greatly increased. However, a pleated non-woven fibrous form media 
showed improved capacity but reduced pressure drop compared with regular size media. 
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 Figure 2.1 Performance comparison for two different media particle sizes and an adsorbent loaded nonwoven fiber 
medium [32].  
 
Thus, adsorbent media in fibrous form could afford with smaller diameter media to 
improve kinetics, while maintains modest pressure drop through tailoring packing density. 
This is the basis of utilizing fibrous platform throughout the projects to improve kinetics. 
2.1.4 Development of fibrous form of activated carbon  
To address some of the disadvantages of GAC — especially the slow kinetics and 
difficulty of containment for air filtration — Economy et al. [33] previously developed 
phenolic-based activated carbon fibers (ACF) exhibiting significantly improved contact 
efficiency and simplified containment. Today, these ACFs are commercially available from 
Nippon under trade name Kynol®. Kynol® ACF is prepared by direct activation of a 
crosslinked phenolic fiber at 800-1000 °C using a mixture of steam/CO2. For NH3 
adsorption, virgin Kynol showed extremely poor affinity towards NH3, while oxidation 
treatment by nitric acid and sulfuric acid results in a tremendous increase in both adsorption 
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capacities and breakthrough times [17]. However, due to its high cost, Kynol® ACF is only 
used in niche markets.  
Motivated to utilize this novel fibrous platform while reducing the cost, chemically 
activated carbon based on glass fiber substrates were previously developed by Yue et al. [34]. 
By employing glass fiber substrate and catalysts, the cost for both materials and processing 
are greatly reduced while retaining the excellent contact efficiency, stable porous structure, 
and high surface areas of Kynol® ACF. More importantly, compared with traditional physical 
activation where harsh activating conditions result in a low number of heteroatoms, and thus 
fewer surface functionalities [35], chemical activation could retain a rich distribution of 
surface functional groups originated from precursor, which could in turn prove effective for 
polar pollutants like NH3. However, to the best knowledge of the author, there is no literature 
report for using this novel material for NH3 adsorption yet. 
Along with GACs, PACs, and other adsorbents, there are still no indications in the 
literature on regeneration performance of ACFCs, which is critical for sustainable use of 
adsorbents. 
2.1.5 Goal of research 
Objectives of the present study were two-fold: first, to explore and evaluate the 
possibility of ACFCs systems as a regenerative filtration unit that is capable of removing one 
of the key hazards of TICs – namely ammonia, from air. Second, to characterize surface 
functional groups that play the key role in retaining ammonia, and explore the mechanism of 
regenerable and non-regenerable systems.  
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2.1.6 Organization  
The structure of this Chapter is as follows: first, the synthesis of a variety of ACFCs 
and surface modifications is described; this is followed by characterization of surface 
chemistry and physical properties; afterwards, NH3 adsorption is evaluated in both static test 
and flowthrough configurations; at last, the mechanisms of ammonia adsorbate – adsorbent 
interactions are discussed. 
2.2 Experimental 
2.2.1 Materials 
Polymeric precursors include Poly (vinyl alcohol) (PVA, MW ~50,000, Sigma-
Aldrich Cat. 34158-4), Phenolic (Novolac resin, Schenectady International Inc., HRJ-2190), 
and Cellulose (Sigma-Aldrich, Cat. 31069). Activation agents include ZnCl2 (Sigma-Aldrich, 
Cat. 208086, 99%)), H3PO4 (Baker analyzed, Cat. 608815, 85%, ACS reagent), polystyrene 
sulfuric acid (PSSA, Sigma-Aldrich, Mw ~ 75,000, 18%wt in H2O). Solvents include Ethanol 
(Decon, 200 proof), DI Water. Reagents used for Boehm titration wet chemistry include 
NaOH (Sigma-Aldrich, Cat. 221465, 97%, ACS reagent), NaHCO3 (Fisher Scientific, Cat. 
S233, 99%, ACS reagent), Na2CO3 (Fisher Scientific, Cat. S263, 100%), and 36.5% HCl 
(Macron, Cat. H613-46). A small organic monobasic phosphate ester (Bis(2-ethylhexyl) 
phosphate, Sigma-Aldrich, Cat. 237825, MW 325)) is used as a model compound for TGA 
study. A variety of ACFCs were fabricated using polymeric precursors and/or post-
treatments tailored to removal basic contaminants such as ammonia. In all cases, a non-
woven glass fiber mat (Crane 230) was used due to ease of use and low cost. Properties of 
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the substrate are shown in Table 2.2, and an image could be found in Figure 2.2. In addition, 
a commercial ACF obtained from Nippon Kynol® was utilized.  
Table 2.2 Key properties of Craneglass 230 web. 
Property Value 
Fiber Type E-glass 
Fiber Diameter 6.5 µm 
Web Thickness 0.005 in or 0.13mm 
Basis Weight 6.1 lbs/1300 ft2 or 23g/m2 
Porosity @ 0.5” water 690 cfm/ft2 or 3.5 m/s 
 
 
Figure 2.2 As received Crane glass 230 nonwoven web. 
 
2.2.2 Synthesis 
ACFCs are produced by coating non-woven glass fibers (Crane 230, properties shown 
in Table 3.3 and Figure 2.2) with low cost polymeric precursors rich in oxygen content 
(cellulose, phenolic, polyvinyl alcohol (PVA)) and an activation catalyst (e.g. ZnCl2, H3PO4). 
The resulting composites are then carbonized and activated at a temperature lower than 400 
°C followed by washing out residual acids or salts to produce the porous adsorbent material. 
A Commercial ACF obtained from Nippon Kynol® was utilized as a control. Both Kynol® 
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ACF and Phenolic based ACFCs were post-treated with concentrated HNO3 to increase 
oxygen content and thus to improve adsorption capacity toward ammonia.  
 PVA precursor 
PVA synthesis of ACFCs is based on the work of Yue et al. with minor modifications 
[36, 37]. 1.2 g PVA was added to a flask with 17 ml deionized water (DIW) and dissolved at 
90 °C with stirring. After the solution cooled, 1.2 ml of H3PO4 was added and stirred briefly 
to give a homogenous solution. The glass fiber mat Crane 230 was dip-coated into the 
solution and then dried with a heating gun. Afterwards, the coated fibers were stabilized in an 
air convection oven at 150 °C for 3 hrs. The stabilized composite was activated in the same 
oven preheated to various temperatures at 230 – 290 °C and then held for 40 min. After 
removing from the oven and cooling, the sample was washed stepwise with DIW, 0.5 N 
NaOH, 0.5 N HCl and DIW. Finally, the sample was dried overnight at 110 °C under 
vacuum.  
A variant was made by using polystyrene sulfuric acid (PSSA [38]) as a catalyst with 
activation temperature at 400 °C.  
 Phenolic precursor 
This synthesis procedure is partially based on Yue et al. [34] with minor changes. 30 
g Phenolic was dissolved in 200 ml ethanol at room temperature over 30 min. Then 30 g 
ZnCl2 was added and dissolved to make a homogenous solution. Crane 230 glass fiber mat 
was dip-coated with the solution and the solvent was evaporated in a laboratory hood at room 
temperature. After drying, the fiber mat was placed into a convection oven and the 
temperature was slowly raised from 110 to 170 °C over 8 h in order to stabilize the coating. 
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Next, the sample was transferred to an enclosed furnace under N2 flow and heated to 400 °C 
at a rate of 30 °C min-1 and held for 30 min to activate. Afterwards, the heat was turned off 
and the sample was allowed to cool under flowing N2. After cooling down to RT, the sample 
was washed with 0.5 N HCl and rinsed with DIW. The composite was then placed in a 
vacuum oven and dried at 150 °C overnight. 
In order to further improve surface acidity and thus adsorption capacity toward 
ammonia, Phenolic based ACFCs were also post-treated with concentrated HNO3 [18]. 1 g of 
Phenolic CAF was put in concentrated HNO3 at either room temperature (Labeled as Ph-
Nitric-RT) or boiling temperature ~ 83 °C (Ph-Nitric-80). After the reaction, sample was 
washed with DIW several times to remove residue acids. Afterwards, sample was dried in 
hood and then vacuum dried at 100 °C overnight. 
 Cellulose as precursor 
This synthesis procedure is based on the work of Yue et al. [34] with minor changes. 
30 g Cellulose was dissolved in 200 ml 66%wt ZnCl2 aqueous solution at RT with stirring. 
Then Crane 230 glass fiber mat was dip-coated and then dried and stabilized in an air 
convection oven at 150 °C for 6 hrs. Next the sample was transferred to an enclosed furnace 
under N2 flow and heated to 400 °C at a rate of 30 °C min-1 and held for 30 min in order to 
activate. Afterwards, the heat was turned off and the sample was allowed to cool under 
flowing N2. After cooling, the sample was washed with 0.5 N HCl and rinsed with DIW. The 
composite was then placed in a vacuum oven and dried at 110 °C overnight. 
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 Kynol-ACF20 
Kynol (ACF20) was used as received. In order to further improve surface acidity and 
thus adsorption capacity toward ammonia, ACF20 was also post-treated with concentrated 
HNO3. 1 g of ACF20 was put in concentrated HNO3 at either room temperature (Labeled as 
A20-Nitric-RT) or boiling temperature ~ 83 °C (A20-Nitric-80) for 1 hr with stirring. After 
the reaction, sample was washed with DIW several times to remove residual acids. 
Afterwards, sample was dried in a laboratory hood and then vacuum dried at 100 °C 
overnight. 
 Summary 
Table 2.3 summarizes the synthesis procedures of materials with nomenclatures used 
later in this chapter. 
Table 2.3 Summary of synthesis and treatment of ACFCs 
Category Example Precursor Catalyst Solvent 
Activation 
Temperature 
(°C) 
Post-
Treatment 
Nomenclature 
PVA PVA-250 PVA H3PO4 H2O 200-300 -- PVA-PSSA PVA PSSA H2O 200-400 -- 
Kynol® 
series 
ACF20 or Kynol® -- -- -- -- -- 
A20-Nitric-RT -- -- -- -- HNO3 - RT 
A20-Nitric-80C -- -- -- -- HNO3 - 80°C 
Phenolic 
series 
Phenolic Phenolic ZnCl2 MeOH 400 -- 
Ph-Nitric-RT Phenolic ZnCl2 MeOH 400 HNO3 - RT 
Ph-Nitric-80C Phenolic ZnCl2 MeOH 400 HNO3 - 80°C 
Cellulose Cellulose Cellulose ZnCl2 H2O 400 -- 
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2.2.3 Adsorption 
 Isotherm 
A NH3 static adsorption at 25 °C at 3000 ppm was measured using a Hi-Res 
thermogravimetric analyzer (TGA, TA Instruments 2950) under 0% relative humidity. ~10 
mg ACFCs were placed on TGA weight balance, and sample was heated to 110 °C in N2 to 
remove moisture. Then temperature was reduced to 25 °C, and 3000 ppm NH3 balanced by 
dry N2 was introduced. Weight gain of adsorbent is recorded as Woriginal. After equilibration, 
the flow of NH3 was halted, but the flow of N2 was maintained; the equilibrated weight was 
measured as Wtight-held. Weight and temperature were recorded by TAAdvantage® software. 
 Flowthrough 
A dynamic breakthrough apparatus, as shown in Figure 2.3 and Figure 2.4, was built 
to evaluate the efficiency of the ACFC media for removing NH3 from air in a flow-through 
configuration. Influent NH3 concentrations were adjusted by flow controllers and calibrated 
by effluent NH3 sensor (NH3 electrochemical sensor, Industrial Scientific, iBrid MX6, 
measuring range 0-500 ppm with 1ppm resolution). Effluent NH3 concentrations were 
measured by electrochemical sensor. Regeneration was performed by heating the sample 
column using a heating tape with temperature controlled by a PID controller under flowing 
air. ACFCs were cut to same diameter as column and held tightly in place by mounting them 
between custom Teflon washers. There exists a dead-zone ~ 45% of total materials due to the 
partial coverage of materials by washers (as shown in Figure 2.4). However, to be 
conservative, calculations of capacity do not take into account the dead-zone to represent a 
worst-case scenario. 
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Figure 2.3 Dynamic adsorption and regeneration test setup 
 
 
 
Figure 2.4 Stainless steel column for testing adsorbent fabrics in flow-through configuration.  
Note: Left: a disassembled column showing Teflon washers. Right: ACFC disks stacked with Teflon washers. 
Cross-sectional area exposed to airflow is approximately 2.4 cm2, The stack consists of 10 discs with a total bed depth of 1.4 
mm. There exists a dead-zone ~ 45% of total materials due to the partial coverage of materials by washers. However, to be 
conservative, calculations of capacity didn’t take into account of dead-zone to represent a worst-case scenario. 
 
All ACFCs selected from previous evaluations were tested under 500 ppm NH3 inlet 
concentration and both 0% and 50% relative humidity (RH). Regenerations were also 
performed under flowing air with optimized temperature between 100 – 200 °C in air. 
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2.2.4 Characterization 
Most samples were vacuum dried at 110-150 °C overnight to remove moisture before 
characterization. 
 SEM 
SEM images were obtained using a Hitachi S-4700 with mixed field emission with a 
10 - 15 kV accelerating voltage. Samples were dried in vacuum at 110 °C overnight before 
the test. Gold palladium plasma spray has been applied for 30 s to coat samples for improved 
conductivity and minimized charging. 
 Thermal analysis and coating content - TGA 
Sample coating content was determined by thermally combusting samples in a 
thermogravimetric analyzer (TGA, TA Instruments 2950) up to 800 °C in air. A sample TGA 
curve is illustrated in Figure 2.5.  
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Figure 2.5 Sample TGA weight loss curve with reference of derivative weight. 
 
During to inevitable moisture presents within sample, coating content was calculated 
by eliminating moisture content (assuming all weight loss before 110 ° is due to moisture) 
and determined by the following equation: 
𝐶𝑜𝑎𝑡𝑖𝑛𝑔 𝐶𝑜𝑛𝑡𝑒𝑛𝑡 % =  𝑊𝑒𝑖𝑔ℎ𝑡 𝑙𝑜𝑠𝑠 %(𝑓𝑟𝑜𝑚 ~110 °𝐶 𝑡𝑜 800 °𝐶)(100 −𝑚𝑜𝑖𝑠𝑡𝑢𝑟𝑒 𝑐𝑜𝑛𝑡𝑒𝑛𝑡) %   
 Sorption of nitrogen - Surface area and pore size analysis 
Surface areas and pore size analysis were obtained using a Quantachrome Autosorb-1 
pore surface analyzer. All samples were first dried at 110 °C under vacuum before 
measurement. These samples were degassed at 150°C until the outgassing pressure change 
was below 5 µm Hg/min before analysis. N2 was used to measure the surface area and pore 
volume at 77 K.  BET equation was used to calculate the surface area using P/P0 range from 
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0.05 to 0.3; The Dubinin-Radushkevitch (DR) equation was used to determine micropore (< 
2 nm) volumes. The total pore volume was estimated from the amount of nitrogen adsorbed 
at P/P0 = 0.95. Mesopore volume was calculated by the difference of total pore volume and 
micropore volume. 
 Elemental analysis 
Elemental analysis is used to quantify carbon, hydrogen, nitrogen and other 
heteroatoms content presenting in the carbon matrix. Chemical compositions (C, H, and N) 
of samples were determined using a Model CE440 Elemental Analyzer. The detection limit 
for each element is 0.10% with errors ±0.06%. Additionally, zinc (Zn) and phosphorous (P) 
content was determined using wet chemistry and ICP/MS. Detection limits are on level of 
ppb or even ppt.  
Oxygen content was determined indirectly using principles of mass balance, as 
estimated using the following equation: 
𝑤[𝑂] = 𝑤[𝑐𝑜𝑎𝑡𝑖𝑛𝑔 𝑐𝑜𝑛𝑡𝑒𝑛𝑡%] −𝑤[𝐶] −𝑤[𝐻] − 𝑤[𝑁] − 𝑤[𝑍𝑛 𝑜𝑟 𝑃] 
 Zeta potential  
The zeta potential (ζ) of original ACFCs was measured at different equilibrium pH 
using Zetasizer Nano ZS (Malvern Instruments) to identify the isoelectric point (IEP). 
ACFCs (~ 10 mg) were grounded into powder, and mixed with 15 ml aqueous solution with 
pH between 2 and 12. pH of solution was adjusted by adding 0.5M HCl or NaOH. After 
shaking for 24 hrs, the zeta potential of adsorbent and final pH of suspension was measured.  
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 pH isotherm and point of zero charge 
The pH isotherm was measured to identify point of zero charge pH (PZC), which is 
the pH when the activated carbon materials have zero net charge as total; Above which, the 
carbon is negatively charged and vice versa. This method is based on the work by Lopez-
Raman et al. [39] with minor modifications. ACFCs (~ 10 mg) were ground into powder, and 
mixed with 15 ml aqueous solution with pH between 2 and 12. pH of solution was adjusted 
by adding 0.5M HCl or NaOH and measured by pH electrode (Cole-Parmer, Cat. EW-59001-
70). After shaking for 24 hrs, pH of the final suspension was measured by pH electrode. A 
typical pH isotherm graph is illustrated in Figure 2.6. The pH at which pHfinal = pHinitial or 
plateau is determined as PZC.  
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Figure 2.6 Illustration of pH isotherm and point of zero charge (pHPZC) 
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 Infrared spectroscopy 
A Thermo Nicolet Nexus 670 FTIR equipment was used to obtain infrared spectrum 
of the samples and to identify chemical functional groups. As activated carbon samples are 
intrinsic absorbers, traditional transmission format does not producing satisfactory spectrum. 
DRIFTs (Diffuse Reflectance Infrared Fourier Transform Spectroscopy) mode (as shown in 
Figure 2.7) is applied to maximize signal intensity.  Fibrous samples were directly measured 
without KBr addition. Data acquisition was performed by Omnic® software with 32 scans at 
a resolution of 4 cm-1.  
 
Figure 2.7 Illustration of FTIR-DRIFTs mode[40] 
 Small molecule probes –Boehm titration 
A wet-chemistry titration technique was employed to identify surface functional 
groups within activated carbon. In this method, three bases (NaHCO3 (pKa=6.37), Na2CO3 
(pKa = 10.25), NaOH (pKa = 15.74) ) [41] with different pKa are used to titrate activated 
carbon. Each base reacts with certain acidic functional groups as shown in Table 2.4. 
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Table 2.4 Titration with different basic strength model compounds 
Titrants Amount used (mol) 
Can titrant reacts with surface functional group? 
Phenolic  
-OH 
Lactonic  
–COO- 
Carboxylic Acid -
COOH 
NaHCO3 a No No Yes 
Na2CO3 b No Yes Yes 
NaOH c Yes Yes Yes 
 
The amount used for different titrants can be used to calculate amount of functional 
groups. [𝐶𝑂𝑂𝐻] = 𝑎 [𝐶𝑂𝑂] = 𝑏 − 𝑎 [𝑂𝐻] = 𝑐 − 𝑏 
This technique was originally developed by Boehm [42] more than 40 yrs ago. 
Traditional Boehm titration is under dispute due to the error caused by dissolved CO2. 
Combined with recent development [43-45], and by introducing blank comparison, this 
technique is more applicable and less interfered by dissolved CO2. The procedure is as 
follows: 
Weigh four pieces of samples with each ~ 0.23 g; and then cut into small pieces and 
placed in glass vials containing 15 ml 0.025M NaOH, Na2CO3, NaHCO3, HCl, respectively. 
A parallel set of blank solution without samples were also prepared and treated using the 
same procedure. All solutions were sealed and shaken for 24 hrs. Afterwards, solutions with 
or without samples were both filtered by syringe and membrane filters (Nylon 0.45 µm) to 
remove solids. Then 5 ml of filtered solutions were transferred to another container and 
added over amount of 0.05M HCl (10 ml HCl for NaHCO3 or NaOH solution, 15 ml HCl for 
Na2CO3, or 0 ml HCl for HCl solutions). Solutions were then degassed by nitrogen for 2 hrs 
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to remove dissolved CO2. Lastly, solutions were titrated by traditional acid/base titration 
method using phenolphthalein as indicator [41] and microburette for improved resolutions 
(0.004 ml/drop compared with 0.05 ml/drop for traditional burette). During titration, the 
solution was kept degassing by N2 to prevent dissolution of CO2. 
Although this technique is a good way to quantify different functional groups, this 
titration technique has its own limitations for characterizing surface functional groups: first, 
surface heterogeneity makes it extremely difficult to accurately determine surface 
functionality by simply categorize into three acids, and neglecting other contributions. 
Second, equilibration time in porous carbons may affect the bases uptake. Thirdly, functional 
groups properties are strongly linked to their local environments [41].  
2.2.5 Electro-Thermal regeneration Test 
Electrical properties including resistance and electro-thermal properties were 
measured to explore the possibility of direct electro-thermal regeneration of ACFCs. First, all 
ACFCs were cut to 7 cm × 4 cm rectangular shape, and resistance was tested by a 
multimeter, as shown in Figure 2.8.  
 
Figure 2.8 Resistance measured by multimeter. 
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Second, same sizes of ACFCs are also tested for electro-thermo properties. The setup 
is sitting in open air for simplicity (as shown in Figure 2.9). A DC Power Supply (BK 
Precision) with output 1-20V, maximum 5A current is employed as the power source. Two 
ends of ACFCs fabrics were clapped by conductive metal and then connected to the power 
supply; thermocouple was tightly attached in the middle of ACFCs to measure the 
temperature change. At each preset voltage, ~ 1 min is allowed for the system to stabilize and 
then temperature, current and voltage were recorded. 
A
V
Thermocouple
Activated Carbon Fibers
 
Figure 2.9 Setup for electro-thermal property measurement 
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2.3 Results and discussion 
2.3.1 Physical characterization 
 SEM  
SEM images presented in Figure 2.10 show textures of different samples. 
Commercial Kynol has fiber diameter ~ 13 ± 5 μm, which are densely packed based on 
woven pattern; nitric acid treatment either at room temperature and 80 °C did not cause 
noticeable changes at microns scale. All ACFCs are composed of active coatings and glass 
fiber substrates (substrate image is shown in Figure 2.10 (i)). The original glass fiber is ~ 6.5 
μm in diameter and loosely packed. Activated layers are either coated uniformly on glass 
fiber or as bridging in-between fibers. Same as that for Kynol, there are no obvious geometry 
changes at μm scale before and after nitric acid treatment for phenolic based ACFCs. 
Cellulose based ACFCs show roughened surface, due to porous structure created by high 
concentration of ZnCl2 during activation.  
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 Figure 2.10 SEM image of (a) Kynol, (b) A20-Nitric-RT, (c) A20-Nitric-80, (d) Phenolic, (e) Ph-Nitric-RT, (f) Ph-
Nitric-80, (g) PVA250, (h) Cellulose-ACFCs, (i) original glass fiber substrates 
Note: All images are in 2,000 magnification except cellulose (f) and original glass fiber (i) in 5,000 magnification. 
 Coating content, surface area and pore analysis 
A summary of coating content and physical pore analysis are listed in Table 2.5. 
Table 2.5 Coating Content, Surface Area and Pore Analysis 
Material Coating 
(%wt) 
BET  
(m2/g) 
BET-
Coating 
(m2/g) 
Micropore 
(mL/g) 
Mesopore 
(mL/g) 
Micropore 
Ratio (%) 
PVA-250 35 464 1327 0.24 0.01 95 
ACF20 (Kynol®)a >99 1843 1843 0.62 0.02 96 
A20-Nitric-RT >99 2375 2375 1.28 0.02 98 
A20-Nitric-80C >99 2428 2428 1.3 0.04 97 
Phenolic 47 608 1294 0.33 0.04 89 
Ph-Nitric-RT 53 688 1310 0.35 0.04 90 
Ph-Nitric-80C 53 213 402 0.11 0.02 85 
Cellulose 25 844 3376 -- -- -- 
Note: a – BET data from literature [46]. 
 In general, except Kynol-series materials which do not have substrate, the weight 
percent of ACFCs’ coating content was kept between 30 to 50 %wt. This range of coating 
content is essential to keeping reasonable amount of active coating layers, as well as to 
27 
 
minimizing bridging between the fibers and thus retaining flexibility and reasonable pressure 
drop. However, coating content may need further optimization in between capacity, pressure 
drop and cost for different applications. In light of that, most of the parameters are calculated 
and compared based on coating other than the whole materials. 
High surface area and porosity are essential to providing more accessible functional 
groups and thus adsorption efficiency [47]. Most ACFCs are microporous (> 90%), and have 
relatively high surface area values (> 1000 m2/g based on coating); Micropores are critical 
for removal of trace contaminants due to the higher overlap in potential from the van der 
Waal forces of opposite pore walls [16]. Post-treatment with nitric acid has little effect on 
surface area except the phenolic based ACFCs treated with HNO3 at 80 °C (Ph-Nitric-80C), 
where the material underwent degradation and/or blockage of the pore structure. It may be 
due to the incomplete carbonization of chemical activation, which leads to relatively unstable 
structure compared with materials from physical activation [48]. PVA-PSSA was screened 
out for further evaluation due to extremely low surface area (6 m2/g), which is not able to 
provide enough accessible surface functional groups for NH3 capture. 
2.3.2 Surface chemistry properties 
Surface chemistry, especially the amount of oxygen functional groups, is of 
paramount importance for NH3 adsorption [16, 49]. Commonly accepted possible surface 
oxygen functional groups at activated carbon surface are shown in Figure 2.11 [48, 50]. 
Oxidization of the carbon materials by nitric acid could effectively introduce many acidic 
groups such as carboxylic, phenolic and lactonic groups, etc [18]. These functional groups 
greatly improve NH3 adsorption capacity. Tailoring and exploring the surface chemistry 
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plays the key role for successful adsorbents design for NH3. Several techniques including 
elemental analysis, FTIR, pH isotherm, zeta potential have been employed to explore surface 
chemistry from different perspectives. In addition, small molecule probes with different 
acidity/basicity were also used to quantify each category of functional groups. 
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Figure 2.11 Surface oxygen containing groups on activated carbon [48] 
 Elemental analysis 
According to literature, a critical design parameter for high capacity adsorbents is the 
O/C ratio[14], which is indirectly related to number of acidic groups present in the pore 
structure. Higher oxygen content is also commonly regarded as the major reason for high 
NH3 adsorption capacity [14, 15]. The key ACFCs elemental analysis results based on 
coating content has been shown in Table 2.6. Original Kynol showed only 5% O/C. Nitric 
acid treatment greatly introduced oxygen on the surface, with 3-fold and 10-fold for room 
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temperature treatment and high temperature treatment, respectively. Original Phenolic 
ACFCs has more oxygen on surface than Kynol due to incomplete carbonization during 
chemical activations. Post-treatment improves O/C to 35% and 61%, which are both higher 
than Kynol series under the same treatment. Due to the oxygen-rich precursor and low 
activation at 250 °C, PVA-250 has already had 40% O/C without further post-treatment. 
Besides, 4% phosphorus content that cannot be washed out by base and acid suggests that 
phosphorus has been integrated in carbon matrix.  
Table 2.6 Key ACFCs Elemental Analysis Results based on coating (%wt) 
Materials C H N O heteroatom O/C 
ACF20 (Kynol®) 94% 0.4% 0.3% 5% - 5% 
A20-Nitric-RT 84% 0.4% 1.0% 14% - 17% 
A20-Nitric-80C 66% 1.2% 0.7% 32% - 49% 
Phenolic 88% 2.0% 0.0% 10% 1%b 12% 
Ph-Nitric-RT 71% 1.3% 1.9% 26% 0%b 36% 
Ph-Nitric-80C 60% 1.6% 2.4% 36% - 61% 
PVA250 71% 0.3% 0.3% 28% 4%a 40% 
Note: a Phosphorus; b Zn.  
 Infrared spectroscopy 
In this study, it is of great interest to identify the functional groups on the surface 
which can help to understand the mechanism of the adsorption of NH3. FTIR has been a 
useful tool to provide information of surface chemistry [41]. As activated carbon samples are 
intrinsic absorbers and thus giving weak signals for conventional FTIR, DRIFTs mode of 
FTIR has been widely used to analyze surface functional groups of activated carbon [48]. 
Kynol Series 
Kynol series samples have been characterized by FTIR to study the surface functional 
groups and changes introduced by oxidation by HNO3, as shown in Figure 2.12. 
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Figure 2.12 FTIR of Kynol Series samples 
 
Peak at ~1600 cm-1 could be assigned to C=C in skeletal carbon matrix [51] for original 
Kynol; as the peak position shifts towards higher frequency (1600->1650 cm-1) through 
oxidation by nitric acid both at RT and 80 °C, it might suggest more and more conjugated 
C=O of carbonyl [52] or quinone [53] functional groups are introduced into carbon matrix 
series. Small peaks in-between 1740-1680 cm-1 suggest the presence C=O due to lactone 
and/or carboxylic acid structures [54, 55]. A prominent peak at 1772 cm-1 for A20-Nitric-80 
might suggest the presence of a significant amount of carbonyl groups due to a mixture of 
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carboxylic acid, lactone, and especially anhydride functional groups. Peak in-between 1390-
1340 cm-1 might be due to phenol or nitro groups [15, 54-56]. These peaks are more 
pronounced for more oxidized sample. The FTIR spectra confirmed the presence of the 
acidic groups on the surface of the carbon fibers. 
Phenolic Series 
FTIR is also employed to explore the changes of surface functional groups of 
phenolic series introduced by nitric acid oxidation both at room temperature and 80 °C 
qualitatively, as shown in Figure 2.13. 
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Figure 2.13 FTIR of Phenolic Series ACFCs 
 
Peak ~ 1600 cm-1 suggests the stable polyaromatic C=C structures within phenolic 
series ACFCs. By nitric acid oxidation, the peak near 1700 cm-1 gradually increased its 
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intensity as well as widen the peak from 1706 cm-1 to 1760-1694 cm-1, and 1773-1697 cm-1 
for original, RT treatment, and 80 °C treatment respectively. It suggests that oxidation 
introduced a variety of functional groups including carboxylic acid, lactonic [57], carbonyl or 
quinones [15], etc. Especially for 80 °C treatment, peaks above 1750 cm-1 may suggest the 
formation of anhydrides [15, 58]. Besides, a more pronounced peak at 3400 cm-1 and 1040 
cm-1 suggests the greatly increased amount of carboxylic acid groups integrated in the matrix. 
PVA-250 
In order to explore the surface functional groups and changes during activation, non-
activated polyvinyl alcohol (PVA), stabilized PVA at 150 °C (PVA-150), and PVA-250 
ACFCs were studied by FTIR in DRIFTs mode, as shown in Figure 2.14. 
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Figure 2.14 FTIR of polyvinyl alcohol, PVA-150 and PVA-250. 
 
33 
 
 IR spectrum for PVA precursor was almost the same as IR spectrums provided by 
vendor Sigma-Aldrich: the broad peak in the range of 3100-3400 cm-1 suggests OH in 
polymer side chains; 2943, 2909, 1456 and 720 cm-1 suggest the presence of CH2 functional 
groups. Peak at 1710 cm-1 suggests C=O from residual unconverted poly vinyl acetate 
precursors.  
After thermal activation at 150 °C, CH2 peaks disappeared and the peak at 1653  cm-1 
became more intense, which suggests CH2-CH2 has become into  C=C bonds at 150 °C 
activation. 
 In PVA-250, peak at 1587 cm-1 suggest C=C bond in polyaromatic structure, and/or 
also conjugated C=O [54, 55, 59].  Peaks at 2930, 1248 and 1056 cm-1 may suggest that 
phosphorus, the catalyst,  has been integrated into carbon matrix as phosphate ester with P-
OH hydroxyl groups [60]. The peaks at 1709 cm-1 (C=O stretch in COOH) and 1248 cm-1 
(stretch of C-O in COOH) suggest the formation of carboxylic acid functional groups [27, 61] 
on the surface during heat treatment at 250 °C.  
 Small molecule probes - Boehm titration 
Small molecule probes have been employed to quantify distribution of surface acidic 
functional groups which have been categorized into 3 main types: phenolic, lactonic and 
carboxylic groups. In this research, strong acid functional groups have also been identified in 
PVA-250 system, supposedly due to monobasic phosphate ester. A summary of functional 
groups distribution in different materials is illustrated in Figure 2.15. 
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Figure 2.15 Surface acidic functional groups identified by Boehm titration 
Note: Strong acidic groups are identified by HCl solution titration to measure basicity; all other samples showed ~ 0 mmol/g 
basicity; however, PVA sample showed negative values, which suggest the presence of strong acidic functional groups; 
since strong acidic functional groups also contribute to base consumption during all basic titrations, so the effects should 
also be eliminated during data processing for [COOH] calculation while [OH] and [COO] is not affected since strong acid 
contribute equally for calculating the differences. 
 
Kynol Series 
Original Kynol has a very limited amount of surface acidic functional groups, with ~ 
0.2 mmol/g in total. RT treatment in nitric acid introduces phenolic, lactonic and carboxylic 
acid functional groups, and improves total acidic functional groups 4.5-fold. After high 
temperature nitric acid treatment, most phenolic and lactonic functional groups have 
disappeared, and much more carboxylic acid functional groups (~1.2 mmol/g) are introduced. 
Another thing worth mentioning is that anhydrides might be the major species for A20-
Nitric-80 as suggested by FTIR; however, wet titration regards carboxylic acid and anhydride 
both belongs to carboxylic acid type. Therefore, we may conclude that actually anhydrides 
and/or carboxylic acids are major species on acid treated surface.  
Phenolic Series 
0.1 
0.3 
0 
0.1 
0.3 
0.1 0 
0.1 
0.3 
0 
0.3 
0.4 
0.9 0.9 
0 
0.3 
1.2 
0 
0.5 
2.0 
1.7 
0 0 0 0 0 0 
1.3 
0.0
0.4
0.8
1.2
1.6
2.0
Surface Functional Groups 
Phenolic  mmol/g
Lactonic mmol/g
Carboxylic mmol/g
Strong Acid mmol/g
35 
 
Original Phenolic ACFCs showed improved concentration of acid functional groups 
compared with Kynol but it is still limited to ~ 0.4 mmol/g. RT treatment in nitric acid 
introduces majorly phenolic and carboxylic acid groups, and improves total acidic functional 
groups 3-fold. After high temperature nitric acid treatment, carboxylic acid functional groups 
increase tremendously. As suggested by FTIR, anhydrides and carboxylic acid might be both 
present. As wet titration techniques used in Boehm titration cannot distinguish between 
carboxylic acid and anhydride, so actually anhydrides and/or carboxylic acids both are the 
major species.  
PVA-250 
PVA-250 sample is mostly composed of lactonic and carboxylic acid groups. 
However, acid titration of PVA-250 showed negative value, which suggests the presence of 
strong acidic functional groups possibly due to P-OH functional group within phosphate 
esters, as suggested by FTIR.  
 
In conclusion, oxidation increases surface acid functional groups; A20-Nitric-80, Ph-
Nitric-80 and PVA-250 all possess a large amount of surface acidic functional groups, 
especially carboxylic acid functional groups, which might facilitate adsorption of ammonia.  
A word of note here is that Boehm titration has its own limits in showing the full 
picture of surface functional groups – it cannot probe neutral oxygen functionalities, e.g., 
ketones, aldehydes, esters, ethers, etc. Also, wet chemistry may not able to probe 
functionalities in ultra-small pores where hydrated ions cannot enter, e.g. hydrated Na+ 
cannot get into pores smaller than 7.4 Å [62]. 
36 
 
 Zeta Potential and pH measurement 
Zeta Potential is an important measurement of outer surface charges. One important 
parameter that could be derived from zeta potential measurement is isoelectric point (IEP), 
the pH when zeta potential crossover zero. At IEP, the outer layer of particle’s surface carries 
no net electrical charge. At pH < IEP, surface is positively charged; while at pH > IEP, 
surface is negatively charged. IEP values depend on the type and amount of functional 
groups. It is shifted to a lower value with increasing acidic functional groups/strength on 
outer surface [63]. 
Instead of probing outer layer of surface charge by zeta potential, pH isotherm 
measurement is also performed to probe surface charge as a bulk. Another important 
parameter here is point of zero charge (PZC), where the net surfaces charge is zero. 
Activated carbon that is rich in acidic functional groups tends to have pHPZC lower than 7 and 
vice versa [41]. 
Compared with IEP which only represents external surface, PZC represents the whole 
surface both internally and externally. Differences between PZC and IEP reveals 
distributions of charge and thus functional groups on the surface of porous carbons [41]. PZC 
and IEP for ACFCs are summarized in Table 2.7.    
Table 2.7 pH of point of zero charge and pH of isoelectric point 
  Sample pHPZC pHIEP pHPZC - pHIEP 
Kynol 
Series 
Kynol  7.2 3.6 3.6 
A20-Nitric-RT 6.5 2.7 3.8 
A20-Nitric-80 4.5 1 3.5 
Phenolic 
Series 
Phenolic 7.2 2.8 4.4 
Ph-Nitric-RT 6.6 1.8 4.8 
Ph-Nitric-80 4.9 <1 >3.9 
PVA PVA-250 4.3 1.2 3.1 
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For both Kynol series and Phenolic series, PZC ~7 of original Kynol and Phenolic 
ACFCs suggests the original materials are almost neutral as a bulk. After HNO3 oxidation 
treatment, both PZC and IEP is decreased, which suggests that acidic functional groups were 
introduced on the surface. The difference between PZC and IEP shows the uniformity of 
internal and external surface, and results suggest that external surface are more oxidized for 
all samples – which suggests XPS may not be appropriate to use to quantity functional 
groups to represent the whole materials. Higher temperature nitric acid treatment not only 
introduced more acidic functional groups, but also showed more uniform oxidation compared 
with RT oxidation. PVA-250 without further oxidation treatment showed acidic surface lies 
in between HNO3 treatment at RT and 80 °C, suggesting acidic nature of unmodified PVA-
250. 
2.3.3 Electro-Thermal properties 
Electro-thermal properties are very important parameters to in-situ regenerations 
through Joule effects, which greatly simplified the regeneration procedure. In general, 
resistance of materials should be small enough to permit electro-thermal regenerations. 
 Resistance 
As shown in Table 2.8, preliminary measurement on resistance showed that only 
Kynol ACF and A20-Nitric-RT showed relatively low resistance. All other materials show ~ 
1 MΩ, which is impractically high for electro-thermal regeneration. This may be due to the 
incompletely carbonized surface during chemical activation process, alternatively too much 
oxygen may have been integrated into the graphitic layers resulting in greatly reduced 
conductivity [64].  
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Table 2.8 Resistance of ACFCs measured by multimeter at room temperature 
Sample Resistance (Ω) 
ACF20 (Kynol®) 105 
A20-Nitric-RT 140 
A20-Nitric-80C 34,000 
Phenolic >2M 
Ph-Nitric-RT >2M 
Ph-Nitric-80C >2M 
PVA250 >2M 
 
 Electro-thermal properties 
For all materials tested by electro-thermo experiment, only Kynol and A20-Nitric-RT 
showed measurable temperature increase with voltage, which could be explained by Joule 
effect  
𝑄 ∝ 𝑈
2
𝑅�  
where Q is thermal energy, U is voltage, and R is resistance; and Q, thus temperature 
is inversely proportional to resistance. Compared with ACF20 and A20-Nitric-RT (Table 
2.8), all other materials showed at least two orders of magnitude higher resistance, resulting 
in none measurable temperature increase. The changes between resistance vs. temperature 
and temperature vs. voltage are shown in Figure 2.16. As increasing the voltage across the 
fabrics, temperature will gradually increase to 134 °C and 104 °C with only 20 volts.  
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Figure 2.16 Temperature, resistance and voltage in Kynol and A20-Nitric-RT 
 
In addition, as temperature increases to 100 - 150 °C, the resistance decreases from 
100 to 25 Ω for Kynol, and 300 to 35 Ω for A20-Nitric-RT. This effect will further improve 
the performance as the Joule effect is related to U2/R, and less resistance means higher 
thermal energy. 
This test showed that A20-Nitric-RT, with reasonable capacity and excellent 
regeneration efficiency for NH3, could be regenerated by Joule effects. Although Kynol A20 
is an expensive substrate, this might provide a solution for niche market where cost is not a 
sensitive factor for choosing adsorbents. 
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2.3.4 Ammonia adsorption  
 Adsorption isotherms for ammonia 
Adsorption isotherm test at 25 °C and 3000 ppm balanced with N2 were measured 
using a TGA without introducing moist air, as shown in Table 2.9.  
Table 2.9 Adsorption capacity of major ACFCs (based on coating) at 3000 ppm NH3 in N2 at 25 °C 
Adsorbent Adsorption 
Capacity  
(mg/g) 
Tightly Held 
ACF20 0.9 - 
ACF20-Nitric-RT 9.2 37% 
ACF20-Nitric-80 59.6 74% 
Phenolic 10.8 26% 
Ph-Nitric-RT 18.8 40% 
Ph-Nitric-80C 62.7 68% 
PVA-230 41.6 64% 
PVA-250 57.9 72% 
PVA-280 59.5 76% 
 
Nitric acid treatment plays an important role of improving adsorption capacity. 
In Kynol series, as-received ACF20 (Kynol®) has an extremely low adsorption 
capacity ~ 0.9 mg/g; however, post-treatment of this material increases ammonia capacity 
10-fold and 60-fold with nitric acid at room temperature and 80 °C, respectively. As 
suggested by Boehm titration and FTIR, exposure to nitric acid introduces high levels of 
acidic groups (e.g., carboxylic acid) on the surface, which greatly increase adsorption toward 
ammonia through acid-base interactions [14].  
Untreated phenolic-based ACFCs have 4 times higher capacity than Kynol® (based 
on coating), possibly due to residual acidic oxygen groups in the incompletely carbonized 
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structures. Additionally, the NH3 adsorption capacity is also greatly improved by nitric acid 
post-treatment on phenolic ACFCs under similar mechanism of Kynol series. 
Polymeric precursors have a significant impact on adsorption capacity. Another set of 
samples showing improved ammonia adsorption capacity are PVA materials without post-
treatment. Capacity increased with increasing activation temperature, likely resulting from 
increased carboxylic acid groups and/or more integration of phosphorus into carbon matrices. 
PVA materials activated at 250°C combine optimized capacity with excellent integrity and 
flexibility (avoid rupture thus bypass flow during flowthrough test), and were chosen for 
dynamic test along with Phenolic and Kynol® series.  
 Dynamic breakthrough and regeneration challenge 
A dynamic breakthrough test has been used to evaluate the efficiency of the ACFCs 
media for removing NH3 from air in a flow-through configuration. All ACFCs selected from 
previous evaluations were tested at both 0% and 50% relative humidity (RH) to study effect 
of humidity on performance. Regenerations were performed in air other than nitrogen for 
practical considerations. Two typical breakthrough and regeneration curves are illustrated 
below in Figure 2.17. For example, as for PVA-250, there is very little change in 
breakthrough times even after multiple regenerations. However, as for A20-Nitric-80C, 
adsorbents lost a substantial amount of capacity after several regeneration cycles. 
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Figure 2.17 Typical breakthrough and regeneration curves. Breakthrough/Regeneration for PVA-250 at an influent 
concentration of 50 ppm ammonia and 50% RH (left); poor regeneration performance comparisons A20-Nitric-80C 
for 50 ppm ammonia and 50% RH(right).  
Note: As for PVA-250: Flow rate is 400 mL/min and superficial linear velocity is 3 cm/s. 10 discs of fabric are used in the 
filter giving a bed depth of 1.4 mm. Regeneration conditions: 70 min at ~170 °C. Digital noise in plot is due to 1 ppm 
resolution with MX6 iBrid NH3 sensor. 
 
For a better quantitative comparison, two parameters are defined to analyze 
adsorption capacity and regeneration efficiency: Original capacity, which represents the 
initial flowthrough capacity at takeoff; stable capacity, which represents the capacity after 
several (~5) regeneration cycles. The results are summarized in Figure 2.18 and Figure 2.19 
for 0% RH and 50% RH conditions, respectively. A word of note is that all the capacity is 
calculated on coating basis.  
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Figure 2.18 Original and stable capacity of ACFCs under 0% Relative humidity  
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Figure 2.19 Original and stable capacity of ACFCs under 50% Relative humidity  
44 
 
  
Kynol Series 
The original Kynol® has a capacity of only ~ 1 mg/g. Kynol® treated with HNO3 at 
room temperature (RT) have adsorption capacities near 10 mg/g due to increased surface 
acidic groups introduced by oxidation; 80°C HNO3 treatment exhibited at least twice higher 
sorption capacity in both 0% and 50% RH conditions than RT treatment.  
A regeneration test was not performed on the original Kynol, due to its low capacity 
and associated experimental errors caused by resolution of sensor. A20-Nitric-RT showed 
great regeneration efficiency > 80%. Although A20-Nitric-80 has high capacity in both 0% 
and 50% RH conditions, the regeneration efficiency is ~ 30 - 50%.  
Moisture plays an important role in adsorption capacity either positively or 
negatively. A20-Nitric-RT showed 66% more capacity under humid conditions compared 
with 0% RH conditions. This could be caused by improved surface acidity thus 
hydrophilicity of materials, which increases moisture adsorption - thin layers of adsorbed 
water can promote adsorption of NH3 by dissolution effects [16]. As for A20-Nitric-80, on 
the contrary, capacities under humid conditions are 40% lower than dry conditions. This is 
likely due to excessive water adsorbed on the highly acidic surface under humid condition, 
which clogs the pores and thus prohibits ammonia to diffuse to active sites [12]. Another 
possibility is that hydrated NH3 (~ 5.3Å [62]) is too large to access to the ultrafine pores, or 
limited by kinetics when a large amount of water was accumulated on the surface.  
Phenolic Series 
Phenolic ACFCs show slightly better capacity (~ 2 mg/g) compared with Kynol A20, 
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possibly due to incomplete carbonization which provides polar-polar force to attract NH3. 
Phenolic treated with HNO3 at room temperature (RT) have sorption capacities near 10 mg/g 
due to increased surface acidic groups introduced by oxidation as suggested by Boehm 
titration; 80°C HNO3 treatment exhibited at least twice higher sorption capacity in both 0% 
and 50% RH conditions than RT treatment.  
Regeneration test showed that original Phenolic can keep full capacity after 
regeneration. Ph-Nitric-RT showed great regeneration efficiency at > 90%. Although Ph-
Nitric-80 has high capacity in both 0% and 50% RH conditions, the regeneration efficiency is 
~ 20-50%.  
Moisture plays a similar role for Phenolic Series materials compared with Kynol 
series, as discussed above. 
PVA-250 
PVA-250 showed not only high sorption capacity (36 to 57 mg/g from 0% RH to 
50% RH), but also its ability to be regenerated and reused with minimum loss in capacity in 
both 0% and 50% RH conditions. Compared results under 0% and 50% RH condition, higher 
capacity under humid conditions may be due to thin water layers formed on the internal 
surface within pores which enhancing the NH3 adsorption. PVA-250 sample shows 
comparable or even better capacities when compared with literature values (ranging of 20 - 
42 mg/g for acidic oxidized activated carbons [14, 15], with less challenging conditions). 
Moreover, this system shows stable regeneration performance even after several cycles, 
which is a breakthrough for NH3 adsorption applications, since regeneration performance has 
been rarely reported in literature.  
46 
 
 Summary of different factors’ effect on ammonia adsorption performance  
Original ACFCs vs. Capacity: Original Kynol and Phenolic showed limited NH3 
adsorption capacity, with Phenolic slightly better due to residual acidic functional groups (4 
times higher than Kynol suggested by Boehm titration); PVA-250 exhibits the highest 
adsorption capacity. 
Acid treatment vs. Capacity: RT-nitric acid treatment increased capacity by 4-fold to 
6-fold; high temperature nitric acid treatment increased capacity by an order of magnitude; 
the trends coincide with quantities of surface acidic functional groups by Boehm titration and 
elemental analysis. 
Acid Treatment vs. Regeneration: RT-nitric acid treatment showed good regeneration 
performance > 80% recovery; high temperature nitric acid treatment displayed poor 
regeneration performance ~ 20-50%, — it coincides with possible presence of anhydride or 
not by FTIR analysis.  
Moisture conditions vs. Capacity: Compared with 0% RH, both original materials and 
RT-nitric acid treatment showed improved capacity (60% - 100% higher) at humid 
conditions, possibly due to water thin films forming on surface which promotes NH3 
adsorption by dissolution; however, humid air negatively affected high temperature acid 
treated materials (40-60% lower), possibly due to highly hydrophilic surface caused pore 
blocking mechanism.  
Moisture Conditions vs. Regeneration: Moisture showed minimal to slightly 
improved regeneration efficiency for RT acid treated materials; as for high temperature nitric 
acid treatment materials, moisture showed greatly improved regeneration performance from 
~25% to ~ 50% compared with 0% RH condition.  
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PVA-250: PVA-250 combined both good capacity comparable with high temperature 
acid treatment of Kynol and Phenolic, while maintaining good regeneration performance and 
similar response to moisture comparable with RT acid treated Kynol and Phenolic.   
2.3.5 Discussion on mechanism of interaction and quantitative analysis  
There are still questions to be answered: 
1. What are the interactions of ammonia with different surface functional groups? 
2. Which functional group(s) are responsible for high adsorption capacity? 
3. Which functional groups are responsible for good or poor regeneration 
efficiency? 
In order to answer the three questions above, the mechanisms of interactions and 
quantitative correlations of different functional groups are discussed below. 
 Mechanism study 
NH3 can be adsorbed on and interact with the surface through various mechanisms. In 
literature, the interactions of NH3 with activated carbon surface categorized into: non-specific 
van der Waals force, dissolution in water film adsorbed on surface, hydrogen bonding, 
Brønsted acid-base interactions (mainly carboxylic acid sites via ammonium ions) [14, 15].  
In this study, two special mechanisms within Brønsted acid-base interactions that are 
responsible for high capacity and regeneration efficiency will be explored as supplementary 
to the mechanism mentioned above. 
 1 Covalent bond through imide/amide formation 
Both Ph-Nitric-80 and A20-Nitric-80 showed a broad spectrum for acidic functional 
groups in FTIR spectrum; and the peak in-between 1750-1800 cm-1 suggests the formation of 
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anhydride due to excessive oxidation by HNO3 at high temperature. In order to further 
explore the interactions with NH3, both FTIR of original samples and samples treated with 
NH3 were compared.  
For A20-Nitric-80, as shown in Figure 2.20, the original sample has an intense peak 
at 1773 cm-1 which suggests the presence of anhydride functional groups. After treatment 
with NH3, the peak at 1773 cm-1 was shifted to 1734 cm-1 suggesting the formation of COOH 
from anhydride. Increased intensity at 1635 cm-1 may imply the formation of amide bonds 
[65]; and 1535 cm-1 and 1370 cm-1 suggests the formation of COO- [14]. After thermal 
regeneration, the peak at 1774 cm-1 reappeared, along with small peak at 1717 cm-1, which 
may imply the formation of imide bonds [65]. 
1800 1600 1400 1200
~1474 cm-1
NH4
+
~1634 cm-1
amide  C=O
1734cm-1
C=O of COOH
1734cm-1
C=O of COOH
Regenerated
Loaded NH3
Tr
an
sm
is
si
on
Wavenumber (cm-1)
A20-Nitric-80
~1370 cm-1
C-N of imide 
1773cm-1
C=O of anhydride
1771, 1717 cm-1
C=O of imide
~1634 cm-1
amide  C=O
~1635 cm-1
C=O of Quinone1539, 1363 cm-1
COO-
1539, 1370cm-1
COO-
~1558 cm-1
amide  C=O
 
Figure 2.20 FTIR of A20-Nitric-80, loaded with NH3 and regenerated sample 
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For Ph-Nitric-80, the same trend is also observed by FTIR. As shown in Figure 2.21, 
after treatment with NH3, the increased intensity at 1439 and 1400 cm-1 suggests the presence 
of NH4+, and the peak has shifted from 1773-1684 to 1710-1650 cm-1 which suggests the 
change from COOH and O=C-O-C=O into COO-. Peaks at 1657 and 1562 cm-1 suggest the 
formation of amide bonds. After regeneration, the peak at 1774 cm-1 reappeared, along with 
1722 cm-1, which may also suggest the formation of imide. Both imide and amide are 
generally not regenerable species under the mild heating conditions without strong acid/base 
presence [66]. 
 
Figure 2.21 FTIR of original Ph-Nitric-80, treated with NH3 and regenerated sample 
 
50 
 
The changes of original sample, loaded with NH3 and regenerated sample studied by 
FTIR may suggest the following amine interactions through adsorption and regeneration on 
Ph-Nitric-80 and A20-Nitric-80 (Figure 2.22).  
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Figure 2.22 Mechanism of NH3 interaction with anhydride functional group 
 
Reaction of NH3 with anhydride could form amides + COO- or imides, depending on 
equilibrium, which is greatly affected by presence of water or not. Both amide and imide is 
very difficult to be regenerated under mild conditions, which could be responsible for non-
regenerable adsorptions. More humid condition would favor amide and COOH formation, 
representing 50% regenerable functional groups (the retaining COOH branch); while 0% RH 
tends to harvest more imides, representing regeneration efficiency in between 0% - 50%.  
This mechanism is further confirmed by the Moisture Conditions vs. Regeneration 
discussion (section 2.3.4), which shows 50% regeneration efficiency at 50% RH, and < 50% 
at 0% RH condition for both Ph-Nitric-80 and A20-Nitric-80. 
 2 Ammonia phosphate - Brønsted acid-base interactions 
As suggested by Boehm titration and FTIR, acidic phosphate exists in the matrix of 
PVA-250. The strong acidity of acidic phosphate can react with NH3 through Brønsted acid-
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base interactions and form ammonium phosphate salt. This is confirmed by FTIR (Figure 
2.23) of PVA-250 and PVA-250 reacted with NH3, where after NH3 adsorption, the peak at 
2930 cm-1 representing P-OH greatly decreased, and a peak at 1433 cm-1 showed up 
representing NH4+.  
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Figure 2.23 FTIR of PVA-250 and PVA-250 loaded with NH3 
 
Literature shows that ammonium phosphate can be thermally decomposed and NH3 
came out under mild heat conditions ( < 200 °C) [67, 68], To further prove this point in 
activated carbon matrix, a small organic acidic phosphate ester (Bis(2-ethylhexyl) phosphate) 
was employed and studied the thermal decomposition behavior compared with corresponding 
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ammonium salts (Figure 2.24) in TGA. The results show that heating up to 200 °C results in 
a complete release of NH3 (corresponding to 5% weight differences). Since the heating rate is 
10 °C/mins, it suggests an isotherm at temperature lower than 200 °C may be possible to 
remove NH3 (proposed in Figure 2.25). 
 
Figure 2.24 TGA thermal decomposition of small molecule phosphate and corresponding ammonium phosphate salt. 
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Figure 2.25 Mechanism of phosphate reaction with ammonia 
 
 Analysis of the key factors that affect adsorption and regeneration 
In order to explore the key factors and correlations that determine adsorption capacity 
and regeneration efficiency, several parameters including isotherm capacity, tightly-held 
isotherm capacity of adsorbate, wet/dry flowthrough capacity, wet/dry regenerable 
53 
 
flowthrough capacity, wet/dry unregenerable flowthrough capacity are evaluated against 
surface chemistry properties. The specific surface chemistry properties under investigation 
include surface acidity (characterized by pHPZC), surface oxygen functional groups, and 
various functional groups identified by Boehm titration.  
Surface acidity - pH effect 
PZC has been used as an indicator to quantify the surface acidity of activated carbon 
in literature [41]. As shown in Figure 2.26, adsorption capacity vs. PZC and unregenerable 
efficiency vs. PZC are compared. In general, adsorption capacity is negatively correlated 
with PZC: the lower PZC the materials, the higher adsorption capacity for ammonia. This 
could be explained by the fact that more acidic surface functional groups exist in low PZC 
materials, which can attribute to higher NH3 adsorption capacity compared with materials 
with PZC ~ 7. Results also suggest that lower PZC materials exhibit higher percentage of 
tightly-held adsorbate, while more unregenerable species are more likely to form. An 
exception in aspect of regeneration is the PVA-250 sample. This is due to the presence of 
acidic phosphate ester, which is a strong acid and provides a pathway for high regeneration 
efficiency. 
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Figure 2.26 Correlation of pHPZC with adsorption capacity and regeneration efficiency 
 
Surface oxygen content effect 
Correlations of surface oxygen content measured by elemental analysis with 
adsorption capacity and regeneration efficiency are illustrated in Figure 2.27. 
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Figure 2.27 Oxygen Content by Elemental analysis and its correlation with capacity and regeneration efficiency  
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Results suggest that, in general, more oxygen content results in higher adsorption 
capacity and tightly held ratio. This is due to some amount of oxygen exists in acidic groups 
such as carboxylic groups on the surface, and these functional groups can facilitate NH3 
adsorption. The results also suggest that when [O] content is higher than 17 mmol/g, more 
unregenerable species will be formed on the surface. One exception is PVA-250; this sample 
showed reasonable oxygen content, while still maintaining good regeneration efficiency. 
Different trend lines of PVA compared with other Phenolic or Kynol series suggest a 
different mechanism in adsorption and regeneration introduced by heterogeneous surface. 
However, as noted, oxygen content measured by elemental analysis is far more than 
adsorbed ammonia amount, which suggests that most oxygen integrated into the surface as 
neutral or only weakly acidic species, such as esters, ether, quinone, carbonyl, etc. 
Surface functional groups identified by Boehm titration 
Activated carbon surfaces can be titrated quantitatively by Boehm titration and 
categorized into 4 groups including phenolic, lactonic, carboxylic, and strong acidic 
functional groups. Efforts have been made to analyze which functional group(s) play the key 
role in adsorption capacity and regeneration efficiency. The amount of functional groups and 
capacity/regeneration performance have been summarized and converted to the same unit 
(mmol/g), as shown in Table 2.10.  
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Table 2.10 Summary of surface functional groups vs. adsorption capacities and regenerated capacities  
x mmol/g y mmol/g 
Phenolic Lactonic Carboxylic 
Acid 
Strong 
Acid 
Isotherm 
Capacity 
Tightly 
Held 
Dry-
Capacity 
Dry-
Regen 
Dry-
UnRegen 
Wet-
Capacity 
Wet-
Regen 
Wet-
UnRegen 
0.06 0.12 0.00 0.00 0.1 0.0 0.1  - 0.0 0.1 -  0.0 
0.32 0.33 0.27 0.00 0.5 0.2 0.3 0.3 0.1 0.5 0.5 0.0 
0.00 0.00 1.19 0.00 3.5 2.6 2.7 1.0 1.6 1.5 0.8 0.7 
0.13 0.26 0.00 0.00 0.6 0.2 0.1 -  0.0 0.2 0.2 0.0 
0.33 0.44 0.53 0.00 1.1 0.4 0.7 0.6 0.0 0.7 0.7 0.0 
0.05 0.86 2.00 0.00 3.7 2.5 3.0 0.4 2.5 1.4 0.7 0.6 
0.00 0.94 1.71 1.29 3.4 2.5 2.1 2.1 0.0 3.4 3.0 0.4 
Note: Original capacity refers to isotherm adsorption capacity; Dry Regen means regeneration capacity under dry 
conditions; Wet-UnRegen refers to unregenerable capacity under wet condtions. 
 
R and Matlab software were employed to analyze correlation coefficient r and 
significance testing p-value.   
Correlation coefficient r value is a measurement of linear dependence between two 
variable X and Y. r = 1 is total positive correlation, and 0 is no correlation. If it is higher than 
0.7, it is a good indicator of strong correlation between the two variables. r-value is 
illustrated in Table 2.11.  
Table 2.11 correlation coefficient r of different surface functional groups and capacities 
r Isotherm Capacity 
Tightly 
Held 
Dry-
Capacity 
Dry-
Regen 
Dry-
UnRegen 
Wet-
Capacity 
Wet-
Regen 
Wet-
UnRegen 
Phenolic -0.612 -0.666 -0.598 -0.402 -0.426 -0.505 -0.367 -0.656 
Lactonic 0.512 0.467 0.450 0.534 0.181 0.660 0.682 0.273 
Carboxylic 0.955 0.940 0.946 0.674 0.690 0.801 0.660 0.864 
Strong Acid 0.427 0.448 0.287 0.877 -0.266 0.877 0.954 0.185 
 
Results show that phenolic and lactonic functional groups are less correlated. 
However, carboxylic acid plays the key role in high adsorption capacity, high tightly held 
ratios; while at the same time, it also accounts for unregenerable ammonia-surface 
interactions. Strong acid, which is unique to PVA-250, is important in retaining high 
regenerable capacity and wet capacity. These results are consistent with our previous 
proposed mechanism for NH3 adsorption.  
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p-value is for testing the hypothesis of no correlation against the alternative that there 
is a nonzero correlation, as shown in Table 2.12. If p-value is less than 0.05 or more strictly 
0.01, then the correlation between X and Y is significantly unlikely to be the result of random 
chance alone.  
Table 2.12 p-value of surface functional groups and capacity and regeneration efficiency 
p-value Isotherm Capacity 
Tightly 
Held 
Dry-
Capacity 
Dry-
Regen 
Dry-
UnRegen 
Wet-
Capacity 
Wet-
Regen 
Wet-
UnRegen 
Phenolic 0.1444 0.1026 0.1563 0.3715 0.3404 0.2475 0.4180 0.1098 
Lactonic 0.2402 0.2909 0.3113 0.2167 0.6981 0.1066 0.0912 0.5534 
Carboxylic 0.0008 0.0016 0.0013 0.0971 0.0861 0.0302 0.1069 0.0121 
Strong Acid 0.3390 0.3136 0.5327 0.0095 0.5635 0.0094 0.0009 0.6908 
 
The results for p-value test are consistent with r-value test results. Results show that 
carboxylic acid functional groups showed significant influence in high adsorption capacity, 
high tightly held ratios, and unregenerable ammonia-surface interactions; while strong acid, a 
special functional group for PVA-250, is mainly responsible for high regenerable capacity 
and wet capacity. On the other hand, phenolic and lactonic functional groups are less 
significant either for adsorption capacity or regeneration efficiency.  
The data listed here is not fully statistical meaningful due to the limited sample size; 
however, these results have successfully identified the key components that play important 
roles in determining capacity and regeneration efficiencies.  
2.4 Summary 
Three series of activated carbon fiber composites (ACFCs) have been developed for 
ammonia removal in air. Kynol based ACFs, Phenolic based chemically activated carbon 
Fibers (CAFs) and PVA based CAFs have been modified to achieve high NH3 adsorption 
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capacity and regeneration efficiency. High surface area >1000 m2/g of all ACFCs are 
essential to providing more accessible surface functional groups and thus adsorption 
efficiency. Surface characterization showed that surface acidic oxygen groups, especially 
carboxylic acid, anhydrides, and acidic phosphate ester functional groups play the key roles 
in both adsorption capacity and regeneration efficiency. Reactions of anhydrides and 
ammonia result in formation of amide and/or imide units, which may form unregenerable 
species on the surface. Acidic phosphate acid and carboxylic acid can interact with ammonia 
via Brønsted acid-base interactions while the formed ionic bond could be regenerated 
through heating < 200 °C. 
2.5 Future Work 
The PVA-250 ACFCs material combines high initial sorption capacity (36- 57 mg/g) 
with exceptionally high regeneration efficiency (> 89%). Combined with a low-temperature 
activation and potentially low-cost synthetic route, PVA-250 may potentially serve as a 
collective protection media which provide low operational cost, sustainable and ease of 
containment solutions towards basic TICs. 
In future, a field test should be carried out to evaluate the performance of PVA-250 
for practical applications.  Besides, since combines good adsorption capacity with high 
regeneration efficiency, plus good electro-thermal properties, evaluating more in-depth 
electric swing adsorption system (ESA) based on A20-Nitric-RT for NH3 adsorption could 
also be explored. 
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In addition, it may worth exploring more in-depth of the interactions in aspects of 
formation and decomposition of amide through carboxyl groups and ammonia and 
regeneration efficiency of amide.  
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 CHAPTER 3  
HACAX MATERIALS – SYNTHESIS AND APPLICATION FOR CR(VI) 
REMOVAL 
3.1 Introduction 
3.1.1 Cr(VI), a carcinogen contaminating drinking water throughout United States 
Hexavalent chromium, also named chromium-6 or Cr(VI), is well known to the 
public from the movie “Erin Brockovich” as a notorious dangerous chemical in aqueous 
solutions. Digesting drinking water with Cr(VI) present could causes health issues including 
anemia, damage of gastrointestinal tract and kidney/ liver malfunctions; recently it was also 
identified as a potential carcinogen which causes stomach cancer [1-4]. A survey on drinking 
water supply that carried in December 2010 showed that 31 out of 35 cities in the United 
States tested were contaminated by Cr(VI) [5]; The widespread presence of carcinogenic 
Cr(VI) in drinking water supply has already aroused widespread public concerns and panic 
about Cr(VI) contamination in their tap water [6-8]. 
To date, the USEPA has not established a legal limit for Cr(VI) in drinking water 
save for a 100-ppb MCL (maximum contaminant level) for total chromium to protect against 
allergic dermatitis [9]. Recognizing the carcinogenic character and widespread presence of 
Cr(VI), the USEPA is currently in the process of establishing a new standard for Cr(VI) [10, 
11]. The state of California has established a very strict public health goal (PHG) of 0.02 ppb 
for Cr(VI) as of July, 2011[12, 13]. In August 2013, California released the draft of the 
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nation’s first Cr-6 MCL of 10 ppb, which reflects the toxicity of Cr (VI) at trace level [14]. 
Before the regulations is established nationwide, it is critical to develop and implement an 
effective, point-of-use (POU) based technology to effectively remove Cr(VI) in drinking 
water down to ppb level to protect people against this carcinogen. 
3.1.2 Cr(VI) Chemistry 
In natural water, Chromium exists mainly as Cr(VI) or Cr(III) [15]. These two forms 
of Cr exhibits totally different toxicity profiles: Cr (III) is an essential nutrient for human 
body’s metabolism and has large safety concentration range, while Cr(VI) is a potential 
carcinogen even at the ppb level [16].  
Cr(III) is a hard acid, and it is insoluble and immobile in aqueous solutions. Cr(III) 
could exist as Cr3+, CrOH2+, Cr(OH)3, Cr(OH)4-, the form of which depends on the pH of 
aqueous solution (Figure 3.2).  
Cr(VI) is a strong oxidizer and  highly soluble in natural water, which pose a high 
risk to the spread of its toxicity [17, 18]. Cr(VI) exists in form of CrO42-, HCrO4- or Cr2O72-, 
depending on pH and concentration of solution (Figure 3.1) [19].  
 
Figure 3.1 Speciation diagram of hexavalent chromium [19] 
 
65 
 
Chromium is a redox active contaminant, with redox potential between state of 
Cr(VI) and Cr (III) vs. pH shown in Figure 3.2 [20], which suggests low pH favors reduction 
from Cr(VI) to Cr(III). 
 
Figure 3.2 Stability diagram of chromium at various equilibrium potential and pH in aqueous solution [19] 
 
3.1.3 Adsorbents and adsorption mechanism 
Several methods have been developed for Cr(VI) removal, including activated carbon 
[19], ion exchange [21], chemical reduction [22], membrane separation [23-25] and 
precipitation [15, 17, 26]. Activated carbon (AC) and ion exchange resins (IXR) are the two 
most commonly employed technologies. As the main adsorbent in Cr(VI) wastewater 
treatment [27], AC adsorbs Cr(VI) through i) electrostatic adsorption, then ii) surface 
reduction by surface functional groups which convert Cr(VI) into Cr(III) [19, 28]. Effective 
adsorption of Cr(VI) only happens at low pH, which is essential for a protonated AC surface, 
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where a positively charged surface attracts negatively charged Cr(VI) [15]. Ion exchange 
materials adsorb Cr(VI) through electrostatic forces by quaternary amines at the surface 
which retains its positive charge at any pH [29]. Due to their relatively non-selective nature, 
IXRs suffer from a leaking issue as more background ions flow through and exchange out the 
adsorbed Cr(VI). In addition, both IXR and GAC suffer from slow kinetics due to the 
relatively large geometry of beads and granules, respectively. Besides, most of the literature 
for Cr(VI) removal is on the wastewater system, where it is present at ~100 to  ~1000 ppm; 
as suggested by literature, more studies are needed to focus on drinking water, where Cr(VI) 
is present at ppb to a few ppm level at natural pH [30, 31]. 
In order to solve the drawbacks of both IXR and AC, a concept of hybrid anion 
exchange/activated carbon materials is proposed here: such a hybrid system could:  i) 
combine the stability of activated carbon and anion exchange at natural pH capability of 
anion exchange resins,  then it can ii) adsorb Cr(VI) effectively at natural pH;  as well as iii) 
provide pathways to convert Cr(VI) to trivalent form of chromium (Cr(III), which is a human 
nutrient [32] and less toxic [16]. If it could also have inherently good contact efficiency, the 
proposed novel hybrid materials could be well served as a point-of-use filtration system for 
Cr (VI) removal.  
3.1.4 On the way to development of anion exchangeable activated carbon 
Although a hybrid cation exchange/activated carbon system was developed decades 
ago through sulfonation of AC [33, 34], which shows excellent adsorption properties towards 
cationic heavy metals such as Cs+, Sr2+, etc., a hybrid anion exchange AC system is rarely 
reported [35, 36]. This is due largely to the difficulty of introducing a chloromethyl group to 
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the rigid carbon structure, which is a prerequisite for introducing quaternary amine functional 
groups. To the author’s best knowledge, there is no report on this kind of material yet. 
Motivated by the need to remove Cr(VI) in drinking water more rapidly and more 
effectively than the current state-of-the-art technologies, the current study was undertaken to 
design a novel hybrid anion exchange activated carbon materials system with rapid kinetics 
and good selectivity to bring trace Cr(VI) down to below ppb levels. Such novel materials 
may also be useful for other anion removal e.g. arsenic, antibiotics, or as a catalyst for H2S 
removal [37].  
3.1.5 Anion exchange activated carbon: concept 
On the way to introducing permanent positive charge on activated carbon surface, 
besides the route of introducing chloromethyl groups followed by nucleophilic reactions with 
trialkylamines, another possible route is to introduce quaternary amines on activated carbon 
through direct N-methylation of a pyridinic nitrogen-containing activated carbon. 
Polyacrylonitrile (PAN) has been a popular precursor for high modulus carbon fibers [38, 
39], and several studies characterizing the formation mechanism suggest the presence of 
pyridine-N structure at temperatures between 150 – 1000 °C during the heat treatment, as 
illustrated in Figure 3.3 [38].  
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 Figure 3.3 Proposed mechanism for heat treatment from PAN  to carbon fiber [38] 
 
In this case, if the pyridinic structure could be methylated, as shown in Figure 3.4, a 
quaternary amine system could be introduced in the matrix, which is the basis for the current 
work.  
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 Figure 3.4 Proposed route for synthesizing hybrid activated carbon/anion exchange materials 
 
Methylation/alkylation reactions were carried out by several different alkylating 
reagents including methyl iodide, chloromethane, dimethyl sulfate, and1-bromobutane, 
chosen to represent varying strength in alkylation. Besides chemical modifications, two other 
modifications were also designed in order to facilitate mass transfer of targeted chemicals to 
the active quaternary amine site (as shown in Figure 3.5): first, an active catalyst ZnCl2 is 
employed during heat treatment. ZnCl2 serves as both a dehydration reagent and porogens 
[40] – pores are formed by washing out residue ZnCl2 after stable rigid carbon matrix was 
created; second, 7-μm diameter glass fiber was used in non-woven form as a substrate to 
confine the feature size of carbon in the μm level, which facilitate mass transfer in large scale, 
as illustrated in Figure 3.5. 
70 
 
  
Figure 3.5 Proposed design of hybrid anion exchange/activated carbon (HACAX) system 
3.1.6 Objectives  
Objectives of the present study were two-fold: first, to test the hypothesis and explore 
synthesis of hybrid activated carbon with anion exchange properties; Second, to test 
performance for Cr(VI) removal and study the interaction mechanism, which also facilitate 
studying structures of hybrid materials in practice.  
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3.2 Experimental 
3.2.1 Materials 
Polyacrylonitrile (PAN) ((C3H3N)n, Mw ~ 150,000, Sigma-Aldrich, Cat. 181315) and 
zinc chloride (ZnCl2, Reagent grade, ≥ 98% Sigma-Aldrich Cat. 208086) were used for the 
synthesis of an activated carbon coating on a substrate fiber (Crane 230, as shown in Table 
2.2 in Page 11). Iodomethane (CH3I,  ≥ 99%, Sigma-Aldrich, Cat. I8507), chloromethane 
(CH3Cl, SJ Smith), dimethyl sulfate (DMS, Sigma-Aldrich, Cat. 320293), and 1-
bromobutane (Br-Bu, Sigma-Aldrich, Cat. B59497) were used for the methylation reaction. 
Ethanol (Decon, 200 proof), dimethylformamide (DMF) (Fisher Scientific, Cat. D119-500, 
99.9%  ACS Reagent), dimethyl sulfoxide (DMSO, Fisher Scientific, Cat. BP231), and 
acetonitrile (MeCN, Fisher Scientific, A955) were used as solvent. Potassium dichromate 
(Sigma-Aldrich, Cat. 207802, ≥ 99.0% ACS reagent,) was used as a stock solution of 
hexavalent chromium, and 1,5-diphenylcarbazide (DPC, ACS Reagent, Sigma-Aldrich, Cat. 
259225) was used as the color reagent. Methanol (Fisher Chemical, Cat. A454-1) was HPLC 
grade for dissolving color reagent. All reagents are used without further purification. 
Reagents used for Boehm titration wet chemistry include NaOH (Sigma-Aldrich, Cat. 
221465, 97%, ACS reagent), NaHCO3 (Fisher Scientific, Cat. S233, 99%, ACS reagent) and 
Na2CO3 (Fisher Scientific, Cat. S263, 100%), and HCl (Macron, Cat. H613-46). 
3.2.2 Synthesis of HACAX 
There were two steps in this synthesis procedure: first, synthesis of porous 
carbonaceous precursor rich in nitrogen; second, alkylation reaction to introduce anion 
exchange functional group. 
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Precursor, namely polyacrylonitrile based activated carbon fibers (PANCAF), was 
prepared using a patented approach developed in Economy’s Group with minor 
modifications [41]. Polyacrylonitrile (PAN) was dissolved in DMF at 70 °C, then add ZnCl2 
to make a viscous solution. Weight ratio of PAN: ZnCl2: DMF is 6.5:19:174. After ZnCl2 
was dissolved, a glass fiber mat (Crane 230, Crane Co., as shown in Figure 2.2 and 
parameters in Table 2.2, used as received) was dip-coated into the above mixture. Then dip 
wash the coated fiber in 5%wt ZnCl2 aqueous solution to make a uniform coating without 
losing ZnCl2. After dried the samples in a fume hood overnight, put them into a furnace at 
200°C for 10 hours in air to stabilize the coatings. Afterwards, put the samples in flowing N2 
by increasing heating temperature ~ 30°C/min to the preset temperature in-between 350 °C 
and 550 °C and then held isothermed for 30 mins. After cooling down in flowing N2 for ~10 
hrs, sample was taken out and washed with 0.5 M HCl, DI Water, 0.5M NaOH and DIW in 
sequence. The sample was first dried in the hood overnight, and -then vacuum dried at 110 
°C overnight to remove residual moisture.  
During alkylating reactions to synthesize hybrid anion exchange activated carbon 
fibers (HACAX), four different alkylation reagents were evaluated, including methyl iodide, 
dimethyl sulfate, 1-bromobutane, and methyl chloride. Alkylation reaction conditions are 
summarized in Table 3.1.  After reaction, the solid samples were washed with ethanol and DI 
water to remove the residual chemicals and solvents attached on the fiber. The sample was 
then dried and stored for further tests and characterization.  
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Table 3.1 Methylation reaction conditions 
Methylation 
Reagent 
Solvent and/or 
Catalyst 
Temperature Time 
(°C)  
CH3Cl MeCN 81 1-24 hr 
1-Br-Butane MeCN 81 1-7 day 
(CH3)2SO4 Water/KHCO3 0-80 1-24 hr 
CH3I EtOH, MeCN or NMP 25-80 1-24 hr 
 
3.2.3 Ion exchange properties 
Ion exchange properties are of primary interest to evaluate a successful synthesis of 
the ion exchangeable medias. 
 Ion exchange capacity 
Ion exchange capacity was measured through classical ion exchange reactions at 
natural pH (as shown in Figure 3.6). In the measurement, 50 mg HACAX samples (PANCAF 
as comparison) were each soaked in 30 ml of a 1M NaNO3 solution and shaken for overnight. 
Then measure the iodide ions concentration in solution by an iodide selective electrode 
(Cole-Parmer, Cat. YO-27504-18). In the current study, instead of studying the typical ion 
exchange between NO3- and Cl-, the exchange of I- - NO3- is employed to avoid errors on 
chloride electrode reading introduced by residual iodide ions. 
HACAX I NO3+ HACAX INO3 +
 
Figure 3.6 Ion Exchange of Iodide vs. NO3- 
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 Ion exchange kinetics 
 Ion exchange kinetics of HACAX was measured by putting small pieces of HACAX 
(~ 70 mg) into 200 ml 1M NaNO3 solution with strong stirring. 10 ml aqueous sample was 
taken out for iodide ion analysis at each preset time point until the iodide ion concentration 
was unchanged. In comparison, original PANCAF before methylation and commercially 
available strong base anion exchange resin Purolite® A400 were used under the same 
conditions. In order to compare different materials under the same condition, both PANCAF 
and A400 were pre-exchanged with iodide as the counter ions. Iodide concentration was 
analyzed by iodide ISE electrode with detection limit from 6 ppb to 127,000 ppm. The ion 
exchange reaction is shown in Figure 3.6. 
 Ion exchange regeneration 
Ion exchange regeneration performance was also tested. HACAX was soaked in 1M 
NaNO3 and 1M NaI solutions periodically and rinsed with DIW several times in-between. 
Exhausted NaNO3 solution with iodide ions were collected and measured with iodide ISE.  
3.2.4 Cr(VI) adsorption performance 
 Cr(VI) solution preparation and concentration analysis 
Hexavalent chromium stock solution was prepared by dissolving 0.5658 g potassium 
dichromate (K2Cr2O7) in 200 ml DI water, giving a 1000 ppm Cr(VI). All other test solutions 
and standard solutions were made by diluting the 1000 ppm stock solution.  
The concentration of Cr(VI) was measured by UV-Vis Spectroscopy at λ=540 nm via 
photometric diphenylcarbohydrazide method [18, 30]. Color indicator was prepared by 
dissolving 125 mg of 1,5-diphenylcarbohydrazide (DPC) into 25 ml HPLC-grade methanol,  
75 
 
then 125 ml 5.5% H2SO4 was added and diluted into 250 ml solution with DI water. Before 
UV-Vis measurement, a 3ml sample solution (or diluted sample) and 1 ml color indicator 
was mixed and put into 3.5 ml polystyrene cuvette. Standard solutions were prepared at 
concentrations of 0, 5, 10, 20, 40, 80, 120, 400, 600, 800, 1000 ppb for calibration with 
R2>0.9998. After mixing with color indicator, the sample was measured in a timely way to 
ensure a precise result. 
In order to study the mechanism of adsorption of Cr(VI) and possible transition from 
Cr(VI) to Cr(III), total chromium concentration was measured by ICP (Inductively Coupled 
Plasma, OES Optima 2000 DV by Perkin Elmer). Cr(III) was calculated from the differences 
of Cr(VI) with total Cr. 
 Cr (VI) adsorption isotherm 
The adsorption isotherm was studied in Cr(VI) aqueous solution with different initial 
concentrations at room temperature.  ~15 mg sample was weighed and put into solution and 
shaken for 6 days, and then 3 ml solution, or after appropriate dilution if necessary, was 
sampled and analyzed for Cr(VI) concentration. The following equation was used to 
calculate adsorption capacity Q = (𝐶0 − 𝐶𝑒) × 𝑉 × 10−3/𝑊 
where Q is adsorption capacity of Cr(VI) (mg/g), C0 and Ce means starting Cr(VI) 
concentration and equilibrate Cr(VI) concentration(ppm), respectively. V is the volume of 
the solution (ml) and W is the dry weight of HACAX sample (g). 
76 
 
 Adsorption kinetics 
Adsorption kinetics was studied in aqueous solution at room temperature in a 250 ml 
flask with magnetic stirring. During the test, 150 mg sample was put into 200 ml solution 
with initial Cr(VI) concentration at 4 ppm. The solution was sampled at pre-set time points 
and stored awaiting further measurements. 
 Cr(VI) regeneration 
In order to study the stability of the surface functional groups during Cr(VI) 
adsorption and conversion, the regeneration of HACAX after adsorbing Cr(VI) was tested for 
5 cycles. ~ 100 mg HACAX were soaked in between 20 ml Cr(VI) solution (100ppm and 
1000 ppm) and 20 ml 1M NaNO3 solution periodically.  Sample was washed thoroughly with 
DI water between switching solutions to avoid residual ions attached on the surface. Sample 
stays in each solution for 24 hrs. Due to the associated experimental errors of diluting Cr 
from 1000 into ppb level for measurement (>103 dilution), only regenerated Cr(VI) content in 
NaNO3 solution was measured and compared in each cycle.  
 Cr (VI) adsorption - pH effects 
Cr (VI) adsorption at different pH was also studied in 100 ppm aqueous solution at 
room temperature. pH was adjusted by 0.5M HCl or 0.5M NaOH and measured by pH 
electrode (Cole-Parmer, Cat. EW-59001-70). 15 mg of HACAX sample was weighed and put 
into shaken solutions for 1 day, and then 3 ml solution was sampled and analyzed for Cr(VI) 
concentration. Adsorption capacity was calculated similarly to the adsorption isotherm as 
shown below. Q = (𝐶0 − 𝐶𝑒) × 𝑉 × 10−3/𝑊 
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3.2.5 Characterization 
 SEM 
SEM images were obtained using a Hitachi S-4700 with mixed field emission with a 
10 kV - 15 kV accelerating voltage. PANCAF and HACAX samples were attached on an 
aluminum sample holder using a carbon tape. The samples were coated with a thin layer of 
metals to improve conductivity using a gold palladium plasma spray. 
 Sorption of nitrogen - Surface area and pore size analysis 
Surface areas and pore size analysis were obtained using a Quantachrome Autosorb-1 
pore surface analyzer. All samples were first dried at 110 °C under vacuum before 
measurement. These samples were degassed at 150 – 200 °C until the outgassing pressure 
change was below 5 µm Hg/min before analysis. N2 was used to measure the surface area 
and pore volume at 77 K.  BET equation was used to calculate the surface area using P/P0 
range from 0.05 to 0.3; The Dubinin-Radushkevitch (DR) equation was used to determine 
micropore (< 2 nm) volumes. The total pore volume was estimated from the amount of 
nitrogen adsorbed at P/P0 = 0.95. Mesopore volume was calculated by the difference of total 
pore volume and micropore volume. 
 TGA 
Coating content and thermal stability of samples were measured by TGA (Hi-Res TA 
Instruments 2950 Thermogravimetric Analyzer).  
The coating content of HACAX was measured by burning off the carbon coating at 
800°C in air, as shown in Figure 3.7. 
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Figure 3.7 Sample TGA weight loss curve with reference of derivative weight. 
 
Sample’s coating content was calculated by the following equation: 
𝐶𝑜𝑎𝑡𝑖𝑛𝑔 𝐶𝑜𝑛𝑡𝑒𝑛𝑡 % =  𝑊𝑒𝑖𝑔ℎ𝑡 𝑙𝑜𝑠𝑠 %(𝑓𝑟𝑜𝑚 ~110 °𝐶 𝑡𝑜 800 °𝐶)1 −𝑚𝑜𝑖𝑠𝑡𝑢𝑟𝑒 𝑐𝑜𝑛𝑡𝑒𝑛𝑡 % (𝑤𝑒𝑖𝑔ℎ𝑡 𝑙𝑜𝑠𝑠 𝑓𝑟𝑜𝑚 𝑅𝑇 𝑡𝑜 ~110 °𝐶)  
 Elemental analysis 
Elemental analysis was used to quantify carbon, hydrogen, nitrogen and other 
heteroatoms presents in the carbon matrix. Chemical composition (C, H, and N) of samples 
was determined using a Model CE440 Elemental Analyzer. The detection limit for each 
element was 0.10% with errors 0.06%. Additionally, zinc (Zn) content was determined by 
ICP/MS with detection limits on the level of ppb or even ppt.  
Oxygen content was determined indirectly using principles of mass balance, as 
estimated using the following equation: 
𝑤[𝑂] = 𝑤[𝑐𝑜𝑎𝑡𝑖𝑛𝑔 𝑐𝑜𝑛𝑡𝑒𝑛𝑡%] −𝑤[𝐶] −𝑤[𝐻] − 𝑤[𝑁] − 𝑤[𝑍𝑛] 
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 Zeta potential  
The zeta potential (ζ) of PANCAF and HACAX was measured at different 
equilibrium pH using Zetasizer Nano ZS (Malvern Instruments) to identify the isoelectric 
point (IEP). ACFCs (~ 10 mg) were grounded into powder, and mixed with 15 ml aqueous 
solution with pH between 2 and 12. pH of solution was adjusted by adding 0.5M HCl or 
NaOH. After shaking for 24 hrs, the zeta potential of adsorbent and final pH of suspension 
was measured.  
 pH isotherm and point of zero charge 
The pH isotherm was measured to identify point of zero charge pH (PZC), which is 
the pH when the activated carbon materials have zero net charge as total; Above which, the 
carbon is negatively charged and vice versa. This method is based on the work by Lopez-
Raman et al. [42] with minor modifications. ACFCs (~ 10 mg) were ground into powder, and 
mixed with 15 ml aqueous solution with pH between 2 and 12. pH of solution was adjusted 
by adding 0.5M HCl or NaOH and measured by pH electrode (Cole-Parmer, Cat. EW-59001-
70). After shaking for 24 hrs, pH of the final suspension was measured by pH electrode. A 
typical pH isotherm graph is illustrated in Figure 3.8. The pH at which pHfinal = pHinitial or 
plateau is determined as PZC.  
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Figure 3.8 Illustration of pH isotherm and point of zero charge (pHPZC) 
 Infrared spectroscopy 
Thermo Nicolet Nexus 670 FTIR was used to obtain infrared spectrum of the samples 
and to identify chemical functional groups. As activated carbon samples are intrinsic 
absorbers, traditional transmission format does not produce a usable spectrum. DRIFTs 
(Diffuse Reflectance Infrared Fourier Transform Spectroscopy) mode is applied to maximize 
signal intensity. Fibrous samples were directly measured without KBr addition. Data 
acquisition was performed by Omnic® software with 32 scans at a resolution of 4 cm-1.  
 Small molecule probes - Boehm titration 
A small molecule wet-chemistry titration technique was employed to identify surface 
functional groups within activated carbon. In this method, three bases (NaHCO3 (pKa=6.37), 
Na2CO3 (pKa = 10.25), NaOH (pKa = 15.74) ) [37] with different pKa and HCl were used to 
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titrate activated carbon. Traditional Boehm titration assumes only surface oxygen functional 
groups present on the surface. In order to apply this technique in current system, a hypothesis 
was made here: the surface functional groups are categorized into: carboxylic acid, lactonic, 
phenolic, pyridinium, pyridine and pyrrolic groups. Amount of pyridine could be identified 
by acid consumption; pyrrolic groups are relatively stable which won’t react with any 
acid/base; in all functional groups, pyridinium is very special due to its anion exchange 
properties. Upon soaking in base solution, pyridinium on surface can exchange iodide with 
OH- and/or CO32- and/or HCO3-, which are perceived as partial consumption of base by acid-
base titration. Each base or acid can reacts with different acidic functional groups spectrum 
as shown in Table 3.2.   
Table 3.2 Titration with proposed different model compounds 
Titrants NaOH Na2CO3 NaHCO3 HCl Calculated or Perceived as 
Surface Groups a b c d  
Carboxylic Acid Yes Yes Yes No c 
Lactonic Yes Yes No No b-c 
Phenolic Yes No No No a-b 
Pyridinium Partially Partially Partially NO Partially of a,or b, or c 
Pyridine No No No Yes d 
Pyrrolic No No No No  
 
This technique was originally developed by Boehm [43] more than 40 yrs ago. 
Traditional Boehm titration is under dispute due to the error caused by dissolved CO2. 
Combined with recent development [44-46], plus author’s new technique by introducing 
blank comparison, this technique is more applicable and less interference by dissolved CO2. 
The procedure is as follows (also described in Section 2.2.5): 
Weigh four pieces of samples with each ~ 0.23 g; and then cut into small pieces and 
placed in glass vials containing 15 ml 0.025M NaOH, Na2CO3, NaHCO3, HCl, respectively. 
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A parallel set of blank solution without samples were also prepared and treated using the 
same procedure. All solutions were sealed and shaken for 24 hrs. Afterwards, solutions with 
or without samples were both filtered by syringe and membrane filters (Nylon 0.45 µm) to 
remove solids. Then 5 ml of filtered solutions were transferred to another container and 
added over amount of 0.05M HCl (10 ml HCl for NaHCO3 or NaOH solution, 15 ml HCl for 
Na2CO3, or 0 ml HCl for HCl solutions). Solutions were then degassed by nitrogen for 2 hrs 
to remove dissolved CO2. Lastly, solutions were titrated by traditional acid/base titration 
method using phenolphthalein as indicator [37] and microburette for improved resolutions 
(0.004 ml/drop compared with 0.05 ml/drop for traditional burette). During titration, the 
solution was kept degassing by N2 to prevent dissolution of CO2. 
 XPS  
X-ray photoelectron spectroscopy (XPS) experiments were performed on Kratos Axis 
ULTRA. XPS data acquisition was performed using 13kV and 10 mA.  Survey scans were 
accumulated from 0-1100 eV with pass energy 160 eV. High-resolution scans were 
performed with the pass energy adjusted to 40 eV. The inside pressure of the vacuum 
chamber was maintained at approximately 10-9 Torr during the experiments. CasaXPS 
program is employed to analyze elements and curve fitting. Spectrum has been calibrated to 
C 1s peak at 284.5 eV.  
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3.3 Results and Discussion – Properties of HACAX 
3.3.1 Physical structure 
As shown in Figure 3.9, SEM image of HACAX shows that active materials are 
coated onto glass fiber uniformly, with coating thickness ~ 1-4 µm. Compared with 
conventional beads or granule form of adsorbents with adsorbent geometry on the level of 
mm, the feature size on level of µm is critical for facilitate mass transfer and thus improving 
adsorption kinetics essential for POU applications. 
 
Figure 3.9 SEM image of HACAX [8] 
 
Porous structure and high surface area are also very important to provide more 
accessible functional groups for effective adsorption. As shown in Table 3.3, original 
PANCAF showed ~ 1000 m2/g surface area based on coating, with 93% of pores are 
micropores. After modification, HACAX surface area is almost unchanged. However, 
mesopore content of HACAX increased greatly from 7% to 54%. This may suggest that 
carbon was etched or swelled during the methylation reaction. Mesopore can serve as mass 
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transport routes, which facilitates mass transfer due to easier access to the micropore thus the 
surface functional groups [30]. 
 
Table 3.3 Surface area and pore volumes of PANCAF and HACAX [8] 
Sample Surface 
Areaa 
Volume Volume Ratio 
BET DR Micropore Mesopore Micropore Mesopore 
m2/g ml/g ml/g % % 
PANCAF 982 0.51 0.036 93% 7% 
HACAX 1045 0.49 0.59 46% 54% 
aNote: all data are normalized based on the coating by TGA measurement.  
The increased mesopore content could be further confirmed by SEM in high 
resolution mode (Figure 3.10). Compared with PANCAF, HACAX shows more porous 
structure in sub-micron scale and 100-nm scale, which may imply the increased mesopore 
content of HACAX. 
 
Figure 3.10 SEM of PANCAF (left) and HACAX (right) [8] 
 
Moreover, roughening of the surface on HACAX suggests that methylation reaction 
swells the surface and pores. This morphology change suggests the pore formed by low 
temperature activation is not as rigid compared with physical activation with activation 
temperature ~ 800 - 1000 °C.  
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 Coating content and thermal stability 
As shown in Table 3.4, coating content was ~ 40%, which is essential to keeping a 
reasonable amount of active coating layers, as well as to minimize bridging between the 
fibers, thus retaining flexibility and reasonable pressure drop. However, coating content 
might need further optimization in order to leverage parameters of capacity per pressure drop 
and capacity per weight in industrial applications. Considering this, most of analyses in the 
following section are based on coating other than the whole materials. 
Compared with PANCAF, coating content for HACAX increases from 39% to 42% 
after the alkylation reaction. This may suggest that extra organic carbons have been 
integrated on activated carbon systems. Compared with the derivative weight of PANCAF 
(Figure 3.11), HACAX has an extra peak at 353 °C, which may imply the formation of new 
bonding; it may also suggest the new materials is thermally stable in air up to 353 °C. 
Table 3.4 Coating content and peak position for dev.weight 
Material Coating 
Content 
Peak 
PANCAF 39% 65 646  
HACAX 42% 53 632 353 
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Figure 3.11 Derivative weight vs. temperature for PANCAF and HACAX 
3.3.2 Synthesis and ion exchange properties 
 Ion exchange capacity based on alkylation reagents 
Original PANCAF has almost no anion exchange capacity retaining (< 0.05 mmol/g I-
), while the capacity of HACAX material ranges from 0.6 to 2.1 mmol/g (based on coating), 
depending on different methylation conditions as shown in Table 3.5. CH3Cl and Br-Butane 
react with PANCAF to much less extent, due to the weak leaving group of Br and Cl during 
nucleophilic reaction and/or bulkiness of butane. Dimethyl sulfate showed the best 
methylation efficiency, with 2.1 mmol/g ion exchange capacity. However, due to its extreme 
toxicity, this route was not adopted for later characterization and chromium adsorption test.  
CH3I methylation provides the easiest way of synthesis, which results in 1.4 – 1.8 mmol/g 
depending on different solvents, time and temperature, thus is used in the later studies. 
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Table 3.5 Ion Exchange Capacity (IXC) of HACAX by different methylation 
Methylation 
Reagent Solvent and/or Catalyst 
Temperature Time Max. IXC 
(°C)  mmol/gC 
CH3Cl MeCN 81 1-24 hr 1.1 
1-Br-Butane MeCN 81 1-7 day 0.6 
(CH3)2SO4 Water/KHCO3 0-80 1-24 hr 2.1* 
CH3I EtOH, MeCN, NMP, DMSO 25-80 1-24 hr 1.4-1.8 
Note: * DMS was not used later on due to its extreme toxicity; IXC (ion exchange capacity) is based on carbon 
coating. 
 Ion exchange capacity based on activation temperature 
Activation temperature also influences on available anion exchange sites for 
alkylation (Figure 3.12). HACAX with 450 °C activation shows highest ion exchange 
capacity, which suggests that 450 °C activation of PANCAF generates the most pyridinic 
functional groups accessible for methylation reaction. 
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Figure 3.12 Ion Exchange Capacity based on different activation temperature of precursors. 
 Ion exchange kinetics 
Ion exchange kinetics was measured in batch kinetic test setup. As shown in Figure 
3.13, there is almost no ion exchange reaction before methylation reaction by PANCAF; after 
methylation, HACAX can exchange iodide with nitrate with fast kinetics comparable with 
ion exchange resins. A normalized comparison between HACAX and Purolite® A400 is also 
shown on a log time scale. It shows that HACAX has comparable kinetics with IXR, possibly 
due to presence of fiber form of HACAX and a swelling effect of IXR both of which enhance 
the mass diffusion in a similar way. A word of note is that batch kinetic test underestimates 
the mass transfer of fibrous materials — despite the small features of fiber platform, during 
the batch kinetic experiment, an extra diffusion layer would be presented due to the large 
geometry of paper-like geometry, which would not be present in flowthrough experiment. 
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Figure 3.13 Ion Exchange Kinetics of PANCAF vs. HACAX and Purolite® A400, with normalized Ion Exchange 
Kinetics of HACAX vs. Purolite® A400 at log time scale [8] 
 Ion exchange regeneration 
Ion exchange reactions are reversible. In order to prove the functional groups are ion 
exchangeable quaternary amines as opposed to unstable cations [36], ion exchange reactions 
between iodide and nitrate solutions were tested to prove a regenerable ion exchange reaction. 
Figure 3.14 shows the ion exchange capacity change after several regenerations. The 
decreasing capacity after the first run is due to the slow shaking during the test — gentle 
shaking is necessary in order to preserve the integrity of fiber materials for a long term run. 
However, the last run was shaken violently to harvest the most available regenerable capacity. 
Regeneration results showed that HACAX materials could be regenerated with minimum 
capacity loss. 
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Figure 3.14 Regeneration reactions of HACAX in-between 1M I- and 1M NO3- 
3.3.3 Surface functional groups characterization 
 Elemental analysis 
Summary of elemental analysis and calculated atomic ratios are listed in Table 3.6. 
The PANCAF contains a substantial amount of N. C/N atomic ratio is 3.4, which suggests 
the chemical structure of PANCAF is in between ladder-like cyclic structure (3:1) and 
graphitized carbon (>>3:1). After methylation, both C/N ratio and H/N ratio increase, which 
suggest the addition of alkyl groups on surface. The O/N ratio is unchanged, suggesting that 
no further oxidation reactions have taken place during methylation—which is very important 
information for Boehm titration analysis.  
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Table 3.6 Elemental analysis of PANCAF and HACAX 
 Weight %  Atomic Ratio 
 C H N Coatinga C/N H/N O/N 
PANCAF 22.5% 1.0% 7.7% 39% 3.4 1.8 0.9 
HACAX 25.0% 1.2% 7.8% 42% 3.8 2.2 0.9 
Note: Coating content was measured by TGA, as shown in Table 3.4. Oxygen content was calculated between the 
differences of coating content and C, H, N, Zn elements. 
 Infrared spectroscopy 
Both PANCAF and HACAX samples have been characterized by FTIR in DRIFTs 
mode to study the surface functional groups and changes introduced by methylation. 
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Figure 3.15 FTIR spectrum for PANCAF and HACAX 
 
Original PANCAF showed an intense peak at 1652 cm-1, which could be assigned to -
C=N-C cyclic structure stretch [47, 48]. However, this peak position also overlap with C=O 
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stretching vibrations of quinone, and C=C [49] in polyaromatic structures. The peak at 
1406/1410 cm-1 represents C-N vibrations in heterocyclic structures [49], but also overlaps 
absorption bands of in-plane asymmetric CH3 bending [50]. The peak ~2210 cm-1 represents 
C≡N groups stretch [51], which suggests the incomplete conversion from nitrile to pyridines 
structure. Peak at 3394 cm-1 may suggest the presence of 2° amine N-H, possibly due to 
pyrrolic or pyridone structure [48]. 
 
Figure 3.16 Possible units for PANCAF 
 
After methylation, the peak of HACAX moved from 1652 cm-1 (PANCAF) to 1644 
cm-1; lower wavelength of HACAX might be due to the addition of a methyl group thus 
positively charged amine [52].  
The presence of methyl group after methylation can be verified by the emerging peak 
at 2952 cm-1 (asymmetric stretch vibration of C-H of CH3 [51, 53, 54]), 2867 cm-1 (νs of 
CH3), 1450 cm-1 shoulder (asymmetric bending of CH3 [55]) and 1408 cm-1(in-plane 
asymmetric CH3 bending). The appearance of peak at 1050 cm-1 is due to C-N stretch [55]. 
These peaks confirm the reaction of methyl group with pyridinic-N. Decreased intensity at 
3394 cm-1 may suggest the N-H in pyrrolic or pyridone structure has also been methylated.  
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 Figure 3.17 Possible units in HACAX 
 
 Zeta Potential 
Zeta potential measurement is illustrated in Figure 3.18, in comparison with 
PANCAF and Ion Exchange Fibers. Results suggest that methylation reaction adds positive 
charge on the surface charge. However, the surface is not positive over the full pH range; it 
showed negative charge at pH > 6, which suggests that other negatively charged surface 
groups plays an equal or even more dominant role in terms of surface charge. The rich 
surface chemistry in both positive and negative state could be useful in a scenario of 
removing adsorbate like Cr(VI) which switch in-between positive charge and negative charge 
upon adsorption.  
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Figure 3.18 Zeta Potential of PANCAF and HACAX 
 pH analysis 
pH isotherms for PANCAF and HACAX are shown in Figure 3.19. After methylation, 
final pH plateaued from 9.1 to 5.8. As for original PANCAF before methylation, at lower pH, 
PANCAF can elevate pH up to 9.1, which suggest certain functional groups consume H+; As 
for HACAX, it is able to remove OH- to decrease the pH down to 5.8, which suggests that 
certain surface functional groups can consume or preserve OH- functional groups, which is 
not presented before methylation reaction.  
The differences of the two plateaus of PANCAF and HACAX are consistent with 
pyridine – pyridnium transition introduced by the methylation reaction (Figure 3.20): 
pyridine can consume H+ at low pH through acid - base interaction, while pyridinium can 
exchange OH- (perceived as consumption) at high pH. 
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Figure 3.19 Illustration of pH isotherm for PANCAF and HACAX 
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Figure 3.20 Possible mechanism and chemistry for pH isotherm between PANCAF and HACAX 
 Small molecule probes - Boehm titration 
Boehm titration results are illustrated in Figure 3.21. Acidic groups, which reflects 
NaOH consumption, includes partially pyridinium ion exchange mechanism and surface 
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acidic oxygen groups’ acid-base neutralization. The amount of basic functional groups can be 
assigned to pyridine consumption. The difference of basic functional groups, 1.2 mmol/g, is 
due to pyridine functional groups converting to pyridinium functional groups—this is notably 
close to the anionic capacity of HACAX. Also, PANCAF has no carboxylic acid functional 
groups present; plus methylation reaction is unlikely to introduce COOH group as suggested 
by elemental analysis; thus, 0.8 mmol/g perceivably assigned to COOH group is actually 
introduced by ion exchange reaction with pyridinium structure. Boehm titration also 
suggested that both hydroxyl and carbonyl groups are present in both PANCAF and HACAX. 
 
Figure 3.21 Boehm titration of PANCAF and HACAX, and perceived functional groups. 
3.4 Results and Discussion – Application in Cr(VI) Removal  
3.4.1 Cr(VI) adsorption kinetics 
As suggested by literature, more studies are needed to focus on drinking water, where 
Cr(VI) is present at ppb to a few ppm level at natural pH [30, 31]. In our work, adsorption 
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kinetics was studied in aqueous solution at room temperature with initial Cr(VI) 
concentration at 4 ppm compared with 100-1000 ppm in literature, as shown in Figure 3.22. 
Two categories of adsorbents were also studied for comparison: AC based adsorbents, such 
as PANCAF (precursor for HACAX) and commercially available Calgon® GAC-F400 [30]; 
IXR based adsorbents including Purolite ® A100 and A400.  
The results show that neither PANCAF nor commercial GAC are able to remove 
Cr(VI) down to even 100 ppb (EPA level for total chromium) at natural pH. Compared with 
the precursor PANCAF, the HACAX demonstrates fast kinetics and the ability to bring 
Cr(VI) level from 4 ppm down to low ppb level. This suggests that the introduced anion 
exchange functionality on PANCAF provides a positively charged surface which facilitates 
the adsorption of Cr(VI) by electrostatic force even at natural pH. Compared with 
commercial IXR Purolite® A100 (Macroporous Weak Base Anion Exchange Resin) and 
A400 (Gel Type Strong Base Anion Exchange Resin), HACAX shows better selectivity. 
Also, HACAX has comparable kinetics because the small diameter (~7 µm) of fiber form 
greatly increases the particle and film diffusion of Cr(VI) from bulk solution to adsorbent 
surface. Moreover, IXR shows release of Cr(VI) towards the end, which may suggest that 
functional amine groups of IXR are oxidized by Cr(VI) while amine groups of HACAX 
might not be as susceptible to the oxidation, which results in the Cr(VI) leaking issue. 
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 Figure 3.22 Cr(VI) removal by PANCAF, Calgon® F400 GAC, HACAX, Purolite ® A100 and Purolite ®A400 [8]  
Note: 200 mg of adsorbent was dispersed and stirred at constant rate in 4 ppm 200 ml CrO42- solution without 
background ions. Purolite ® A100 is Macroporous Weak Base Anion Exchange Resin, and Purolite ®A400 is Gel Type 
Strong base Anion Exchange Resin. Calgon® F400 is Granular Activated Carbon. PANCAF is PAN based chemically 
activated carbon fibers. 
 Isotherm 
As shown in Figure 3.23, for most concentration ranges, HACAX materials have 
better adsorption capacity and it is more obvious at low residual concentration, where 
HACAX showed several orders of magnitude higher adsorption capacity than F400 and 
PANCAF. F400 and PANCAF showed no adsorption capacity towards Cr(VI) at low 
residual concentration. This means that HACAX is a good adsorbent at low levels of Cr(VI), 
which is essential for drinking water purification where Cr (VI) most likely would present at 
very low level. 
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Figure 3.23 Cr(VI) adsorption isotherm by PANCAF, HACAX, in comparison with Calgon F400 [8]. 
 
 pH isotherm 
Cr(VI) adsorption isotherm is also characterized at different initial pH, as shown in 
Figure 3.24. At pH > 6, PANCAF showed a minimal adsorption capacity. HACAX showed 
excellent adsorption capacity ~ 20 – 50 mg/g at pH > 6, which enables its capability as an 
adsorbent for drinking water purification. At pH < 3, both PANCAF and HACAX showed 
very high capacity up to 160-190 mg/g based on coating, which is among the best in 
literature [19]. The improved capacity at low pH for both materials may suggest protonation 
of pyridine functional groups at low pH, which can adsorb negatively charged Cr(VI) (Figure 
3.25). This is consistent with the pyridinic structure’s pKa ~ 4 within carbon matrix—as 
pyridine structure will be positively charged at pH < pKa [56].  
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Figure 3.24 Cr(VI) adsorption isotherm at different pH. 
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Figure 3.25 Comparison of pyridine and methyl-pyridinium at low pH 
 
3.4.2 Cr(VI) reduction and characterization 
In kinetics studies, Cr(VI) concentration was measured by UV-Vis, while total Cr was 
measured by ICP-MS. Cr(III) species were identified by the differences of Cr(VI) and total 
Cr. After most of the Cr(VI) adsorbed and accumulated onto the surface of activated carbon, 
Cr(III) was observed to come out into the solution (as shown in Figure 3.26). 
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Figure 3.26 Conversion from Cr(VI) to Cr (III) by Hybrid materials at natural pH [8] 
 
The reduction of Cr(VI) to Cr (III) is helpful for POU application since it not only 
converts toxic Cr(VI) to more inert Cr (III) to below 100 ppb and thus facilitates more 
adsorption of Cr(VI); but also there seems no leaking of Cr(VI) even after 1 week, which 
may suggest the pyridnium structure is stable. 
3.4.3 Mechanism of adsorption and conversion 
In literature, the phenomena that Cr(VI) converts into Cr(III) by porous carbon only 
happened at low pH [57]. It is a topic of interest to understand that what functional groups 
are the causes of converting Cr(VI) into Cr(III) at a natural pH. 
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 Presence and state of valence of Cr  
HACAX was characterized by FTIR before and after Cr adsorption. As shown in 
Figure 3.27, compared with original HACAX, emerging peaks at 940 cm-1 (Cr=O) and 740 
cm-1 (Cr-O) for HACAX-Cr suggest the presence of chromium [47]. 
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Figure 3.27 FTIR of HACAX before and after Cr(VI) Adsorption. 
 
XPS is employed to study the valence state of chromium that stays on the surface of 
activated carbon. Cr 2p spectrum shows that Cr stays in two forms at the surface: Cr(III) and 
Cr(VI), and Cr(III) represents a substantial amount— if not all—of the total Cr content. 
Although the XPS spectrum is convoluted and peak fitted, the quantitative results are not 
adopted since XPS only measure the very outer layer of materials up to 10 nm, which cannot 
represent the bulk materials behavior. 
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Figure 3.28 XPS – Cr 2p of HACAX before and after Cr(VI) Adsorption  
 Elemental analysis  
Elemental analysis results of HACAX before and after Cr adsorption are listed in 
Table 3.7. Ratio of C/N is unchanged, which suggests that there is no major change in the 
carbon matrix. O/N ratio greatly increased, corresponding to partially adsorbed CrO42-, and 
mostly to oxidized carbon surface.  
Table 3.7 Elemental Analysis of HACAX before and after Cr(VI) Adsorption 
Samples Weight percent Atomic Ratio 
C H N O Cr C/N O/N Cr/N 
HACAX 25% 1.2% 7.8% 8% - 3.8 0.9 - 
HACAX-Cr 20.9% 1.2% 6.5% 10% 2.54% 3.8 1.4 0.0005 
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 Small molecule probes - Boehm titration 
Boehm titration is used to characterize surface functional groups change, as shown in 
Figure 3.29. Compared with HACAX, HACAX loaded with Cr showed that no presence of 
phenol group; along with increase of lactone and carboxylic acid, it may suggest that all 
phenol groups have been converted to carbonyl and/or carboxylic acid groups. Moreover, the 
increased amount of acidic groups may suggest 1) non-acidic functional groups like benzylic 
or C=C may also have been oxidized into C=O or COOH functional groups; and/or 2) there 
is an increase in the amount of pyridinium structure.  
 
Figure 3.29 Boehm titration of HACAX before and after Cr(VI) Adsorption 
 Regeneration Test 
In order to study the stability of the pyridinium structure during Cr(VI) adsorption 
and conversion, a regeneration test on HACAX was carried out using in between 1000/100 
ppm Cr(VI) aqueous solution and concentrated 1M NaNO3. As shown in Figure 3.30, 
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increased regenerable capacity after the first one or two regeneration cycles suggests the 
amount of pyridinium functional groups increased; unchanged adsorption capacity afterwards 
suggests that the pyridinium structure was not damaged or oxidized by Cr(VI) adsorption. 
Results suggest that oxidation provides a pathway converting other nitrogen functional 
groups into pyridine and/or pyridinium structure. 
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Figure 3.30 Regeneration by concentrated NaNO3 after adsorbing Cr(VI) 
Note: first data point of 1000 ppm Cr adsorption was using 0.1M NaNO3, but unlikely to decrease regenerable 
capacity; all others are regenerated by 1M NaNO3. 
3.4.4 Mechanism proposal 
Combining the results and insights provided by elemental analysis, XPS, FTIR, small 
molecules study, and regeneration test, the following mechanism is proposed:  
1. HACAX possess a rich surface chemistry including pyridine, pyridnium, pyrrolic, 
phenolic, carbonyl surface functional groups; 
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2. HACAX adsorbed Cr (VI) at natural pH by pyridinium functional group through 
electrostatic force; 
3. After accumulation of Cr(VI) on the surface as attracted by pyridinium groups, 
phenolic surface functional groups are one of the species on activated carbon that are 
responsible for reducing anion Cr (VI) into positively charged Cr(III). 
4. Positively charged surface repels Cr(III) back into aqueous system. 
3.5 Summary 
3.5.1 Conclusion 
Currently Cr(VI) is a serious problem in drinking water that affects widely in United 
States. As more strict regulations on Cr(VI) are proposed by California, an effective POU 
system is urgently needed to bring trace Cr(VI) from ppm down to ppb levels.  
In this study, we have successfully designed and synthesized the novel hybrid 
activated carbon/anion exchange material. Through alkylating reactions, anion exchangeable 
functional groups are introduced on to a nitrogen-rich PAN based chemically activated 
carbon materials. Ion exchange properties test showed that HACAX has high ion exchange 
capacity, fast kinetics and excellent regeneration efficiency. Surface properties were also 
thoroughly studied and surface functional groups had also been proposed. Through 
characterization including Boehm titration, FTIR, XPS, pH isotherm, ion exchange properties, 
it showed that pyridinium structure are responsible for stable anion exchange performances; 
besides, the surface is also rich in other surface functional groups including phenolic, 
lactonic, pyridinic and pyrrolic structures.  
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In application of HACAX for POU Cr(VI) removal, this hybrid material demonstrates 
superior performance compared with current state-of-the-art technology. Compared with 
commercial products, HACAX materials can rapidly remove Cr(VI) down to ppb levels at 
natural pH. Besides, rich surface chemistry provided by activated carbon can reduce the 
accumulated Cr(VI) on the surface into less toxic Cr(III) at natural pH. The reduction of 
Cr(VI) to Cr (III) at natural pH might be helpful for POU application since it not only 
converts toxic Cr(VI) to less toxic Cr (III) and thus facilitates more adsorption of Cr(VI), but 
also prevents the leakage of Cr(VI) as more background ions flow through. Surface oxygen 
groups are responsible of converting Cr(VI) into Cr(III). Pyridinium anion exchange 
functional groups on HACAX were proved to be very stable to Cr(VI) oxidation even after 5 
cycles of regenerations. 
3.5.2 Implications and Future Work  
As public awareness increases and government pushes for regulations on Cr (VI), it 
represents huge market opportunity for a company to pursue. 
Rich surface functional groups and anion exchange sites provide HACAX materials a 
pathway to remove hazardous/oxidative/hydrophilic anionic contaminants removal by 
activated carbons in drinking water. 
In future, Ion Chromography (IC) for Cr(VI) measurement should be used to lower 
the detection limit and study the performance below 1 ppb. Flowthrough test should also be 
carried out for more practical considerations. 
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Besides, benzyl alcohol and/or toluene can also be used as small molecule probes to 
test if HACAX-Cr can convert benzylic or phenolic functional groups into aldehyde or 
benzoic acid functional groups within carbon matrix.  
Additional applications of these hybrid materials for phenol [58, 59], anionic 
antibiotics and arsenic removal [60] in drinking water are worth exploring. Another 
important area is for catalysis [61], since HACAX may potentially have better thermal 
stability as compared with anion exchange resins.  
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CHAPTER 4  
ION EXCHANGE FIBER – PERCHLORATE REMOVAL AND 
BIFUNCTIONALITY 
4.1 Introduction 
4.1.1 State of problem 
Perchlorate (ClO4-), a stable and highly mobile anion, is an emerging contaminant in 
drinking water in the United States [1]. ClO4- has been detected in drinking water in 26 states 
affecting between 5.2 and 16.6 million people [2]. Since ClO4- can disrupt the thyroid’s 
ability to produce hormones needed for growth and development, and possible contribute to 
thyroid tumor formation, pregnant women, infants and young children are among the most 
susceptible population [3]. EPA previously issued an Interim Drinking Water Health 
Advisory level of 15 ppb perchlorate in drinking water, and made a formal decision to 
regulate perchlorate in drinking water by 2014 [4, 5]. As it is present at extremely low 
concentrations and has strong resistance to most treatment technologies, perchlorate has 
become one of the biggest challenges currently for drinking water industry, especially Point-
of-Use (POU) applications [3, 6]. 
4.1.2 Literature review of adsorbents for perchlorate removal  
Various technologies have been proposed for perchlorate removal, including 
membrane filtration [6], adsorption (activated carbon) [7-11], catalytic reduction [6, 12], 
bioremediation and ion exchange [11, 13-16]. An overview of each process is listed below. 
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Activated Carbon: Several researchers have been working on using tailored 
activated carbon for perchlorate removal. The virgin granular activated carbons (GACs) 
show relatively bad selectivity and thus capacity of perchlorate. Due to the fact that granular 
activated carbon system has been widely used in drinking water treatment for several 
decades, modifications on GAC attracted the most interests for adsorption process. In some 
works, activated carbon has been treated with cetyltrimethylammonium chloride (CTAC) 
[17], iron-oxalic acid [18], or ammonia [7, 8]. All these chemical modification could help 
GAC to improve the selectivity towards the perchlorate up to 30 times. However, the 
performance of modified GAC for perchlorate removal is greatly reduced in presence of 
background ions. Although virgin GAC is relatively inexpensive (~$1/lbs), chemically 
tailoring the GAC adds costs to the final material, and there still exists unknown factor if 
these changes would influence the adsorption capacity in presents of other contaminants or 
background ions.  
Membrane Process: As one of the best process for contaminants separations due to 
its similarity to what nature does, membrane processes including ultrafiltration (UF), 
nanofiltration (NF), reverse osmosis (RO) have been somewhat effective for perchlorate 
removal [6]. UF have been incorporated with either polyelectrolyte or colloid for perchlorate 
removal, with up to 90% and 95% removal efficiency [19, 20]. Filtration of perchlorate 
through NF and RO is also studied with > 90% removal efficiency. However, the pressure 
needed as a driving force is still too high, especially at low concentrations of perchlorate in 
environment. Furthermore, perchlorate laden brine is not destroyed and unknown chemicals 
are introduced into the system. Other drawbacks such as fouling issues, large volumes of 
reject streams and huge energy consumptions are also concerns for POU applications [21].  
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 Destruction Process: A chemical reduction process could completely reduce 
perchlorate (+7) to relatively harmless chloride ions (-1), which is not offered by other 
separation process. Chemical reduction is limited by slow kinetics due to the tetrahedral 
structure of ClO4-. High activated energy barrier has to be overcome by using catalyst, low 
pH (e.g. pH ~ 0 to 3) and/or high pressure ( > 5 bar) [22]. Most of the research efforts are on 
developing catalysts to achieve more efficient reduction and shorter reaction time. However, 
the kinetics associate with this process is still not rapid enough to be used in practical 
applications. Besides, high pH and high pressure is also not favored in POU water treatment. 
It is only economical when the concentration of perchlorate is high after accumulating by 
other process such as ion exchange, membrane or adsorption [6]. 
Bioremediation:  Bioremediation utilizes bacteria which contains special enzymes 
that could lower the activation energy required for perchlorate reduction. Several 
microorganisms have been identified to reduce perchlorate successfully. However, similar to 
chemical reduction, there are problems associated with public acceptance of using microbial 
in drinking water for water treatment [21]. Besides, the slow kinetics makes it unfeasible for 
POU applications. 
Ion Exchange Resins: As the most economical and effective current solution, 
conventional ion exchange resin (IXR) has been used in municipal level perchlorate 
treatment [12, 23]. Different anionic ion exchange, and bi-functional or tetrachloroferrate 
(FeCl4-) have been employed to optimize the performance for perchlorate removal [13, 24, 
25]. The bi-functional anionic ion exchange resins have been demonstrated in a pilot scale in 
an Air Force Base, where 45,000 Bed Volumes (BV) of 450 ppb of perchlorate could be 
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treated effectively. Since ClO4- is normally present at very low levels with much higher 
concentrations of background ions, both kinetics and selectivity are crucial for ClO4- removal 
[26, 27]. Although IXR suffer from slow kinetics due to their relatively large size (~ 1 mm), 
the performance of IXR is acceptable for Point-of-Entry (POE) application where large filters 
are used and low relative throughput are allowed; however, for residential Point-of-Use 
(POU) applications, such as pitchers, refrigerators and faucet filters, IXR is an impractical 
choice for efficient removal of perchlorate due to slow mass transfer. 
 
In summary, each process has its own merits to be used as a technique for perchlorate 
removal. Except for chemical reduction, all other processes have the issue associate with 
accumulated perchlorate solution disposal. Most of the processes suffer from slow kinetics 
which limits the flux of the flows. Since it is well tested, ease of operate, non-additional 
pressure or chemicals and cost savings, ion exchange are one of the best candidates for POU 
perchlorate removals in tap water with further improvements on both kinetics and selectivity.  
4.1.3 On the way to develop adsorbents with fast and selective perchlorate removal 
As a novel engineered form, ion exchange fiber composites (IXFCs) using fiber 
diameters of approximately 7 µm (as shown in Figure 4.1)) have been developed aiming to 
combine good contact efficiency of a fine powder while maintaining a self-supporting 
structure [28, 29]. In addition, research efforts have also been made recently by Langer et al. 
on perchlorate removal with improved selectivity and kinetics by studying an array of 
trialkylamine functionalization [5]. In Langer’s research, results showed that strong basic 
anion exchange materials (SBA) based on smaller/hydrophilic amines (e.g. trimethylamine 
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(TMA)) have fast kinetics but low selectivity, while bulkier/hydrophobic amines (e.g. 
tributylamine (TBA)) impart slower kinetics but much higher selectivity [5, 30]. Integrating 
both hydrophilic/small amines and hydrophobic/big amines in same IX matrices, namely, 
bifunctional ion exchange can improve kinetics with minimum sacrificing selectivity [26]. 
Besides, as a unique asymmetric amine, hexadecyldimethylamine (HDMA) displays both 
high selectivity and fast kinetics [5].  
 
 
Figure 4.1 Fast kinetics of fiber geometry - comparison of ion exchange fiber composites and ion exchange resin  
 
 
Figure 4.2 Selectivity (Kd) and Kinetics (τ) parameter of different amines modified IXFCs [5]. 
Note: major amines - TMA: Trimethylamine; TEA: Triethylamine; TPrA: Tripropylamine; TBA: Tributylamine, 
THxA: Trihexylamine; HDMA: hexadecyldimethylamine; TEOA: Triethanolamine;  
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4.1.4 Questions remain to be answered 
On the way to explore the bifunctionality and its effects on a combined fast kinetics 
and excellent selectivity, there are still several questions to be answered: 
• What are the effects of flexibility of alkyl groups in quaternary amine on 
kinetics/selectivity by comparing THA vs. HDMA; 
• How does TEA and TMA modified HDMA and THA improve or hinder the 
kinetics/selectivity; 
• What is the performance of such materials for field test?  
4.1.5 Scope of my research 
Objectives of the present study were two-fold: first, explore mono- and/or 
bifunctional quaternary amine IXFCs system for fast and selective perchlorate adsorption; 
second, evaluated IXFCs in field test based on the best materials selected from 
bifunctionality study.  
4.2 Experimental 
4.2.1 Materials 
In all cases, a non-woven glass fiber mat (Crane 230) was used as the substrate. 
Properties of the substrate are shown in Table 2.2, and an image could be found in Figure 
2.2.Polymeric structure is composed of PVBCl (Poly(vinylbenzyl chloride)  60/40 mixture of 
3- and 4-isomers, Mn ~ 55,000, Mw ~ 100,000 Simga-Aldrich Cat. 182532, ACS Reagent) 
and Diazabicyclo [2.2.2] octane (DABCO) (Sigma-Aldrich, Cat. D27802 ≥99%  ACS 
reagent). Solvents include ethanol (Decon Lab. Inc., Cat. 2701, Alcohol 200 Proof (100%)), 
dioxane (Sigma-Aldrich, Cat. 360481, 99%  ACS Reagent), and DI Water. Amines include: 
trimethylamine (TMA, Sigma-Aldrich, Cat. 426474, 25%wt), triethylamine (TEA, Fisher 
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Scientific,  Cat. 04885-1, 99%), trihexylamine (THA, Sigma-Aldrich, Cat. 183997, 96%), 
and hexadecyldimethylamine (HDMA, Simga-Aldrich, Cat. 40460, 95%). Other chemicals 
include sodium chloride (Fisher Scientific, Cat. S271-3, ACS Reagent), sodium nitrate 
(Fisher Scientific, Cat. S343-500, ACS Reagent), and sodium perchlorate monohydrate 
(Sigma-Aldrich, Cat. 31051-4, 98% ACS Reagent). 
4.2.2 Synthesis 
IXFCs are synthesized in two steps: synthesis of a crosslinked polyvinylbenzyl 
chloride (PVBCl) backbone and quaternary amine functionalization. The IXFC backbone 
was synthesized using a solution of poly (vinylbenzyl chloride) (PVBCl) polymer precursor 
and triethylenediamine (DABCO) crosslinker which is mixed and cast onto a nonwoven glass 
fiber substrate[5]. Air brushing is employed to coat polymer on glass instead of drip coating 
or dip coating to eliminate unnecessary bridging. Crosslinking reactions were carried out in 
an air convection oven at 110 °C for 3 days.   
After curing, PVBCl-coated fibers were reacted with various trialkylamines and 
combination of amines as illustrated in Figure 4.3. Except for the TMA reaction in water 
solution at room temperature, all other reactions were carried out in dioxane solvent with 
reflux. For bifunctionality synthesis, longer chain alkylamines are reacted followed by 
shorter chain amines reactions. 
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 Figure 4.3 Various trialkyamines and Combinations of them to functionalize ion exchange fibers 
4.2.3 Characterization 
 SEM 
SEM images were obtained using a Hitachi S-4700 with mixed field emission with a 
10 - 15 kV accelerating voltage. Samples were dried in vacuum at 110 °C overnight before 
the test. Gold palladium plasma spray has been applied for 30 s to coat samples to improve 
the conductivity. 
 Anion exchange capacity  
Anion exchange capacity was measured to quantity of quaternary amine functional 
groups. In this test, ~ 30 mg IXFCs were immersed into 30 ml 1M NaNO3 solution and shake 
overnight. Then Cl- ion concentration is measured by chloride ion selective electrode. Ion 
Exchange Capacity is calculated in the following equation: 
Ion Exchange Capacity (IXC, meqg 𝑜𝑟𝑚𝑚𝑜𝑙𝑔 ) = [𝐶𝑙−]mmolL ∗ Volume ml𝑤𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝐼𝑋𝐹𝐶 𝑚𝑔  
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 Batch kinetics tests 
Batch kinetics tests were carried out to estimate and compare the kinetics and 
selectivity of different mono- and bi-functional materials based on same amount of 
functionality. Certain weight of IXFCs was put in 100 ml 60 ppm ClO4-, and perchlorate ion 
selective electrode was used to measure instant ClO4- concentration in the solution. Collected 
tap water was chosen as background, which mimics the real applications as of Point-of-Use 
(POU) treatment. Weight of the sample is determined by its ion exchange capacity using the 
following equation: 
weight mg = 100 mgIXC  
 Flowthrough Test 
Two series of experiments were performed in order to determine the effectiveness of 
IXFCs for perchlorate removal from a model drinking water, in a manner roughly simulating 
an industry certification test (140 ppb spiked with tap water, as shown in Figure 4.4).  
Peristaltic Pump
140 ppb Perchlorate 
in Tap Water (50 L)
Fixed Bed for Adsorbent
IC Analysis
 
 
Figure 4.4 Dynamic flowthrough test setup 
 
121 
 
Small column flowthrough experiments 
First, continuous flow-through experiments were performed on small columns to 
compare the Pur® filter media itself with Pur® media + IXFCs (Figure 4.4 and Figure 4.5). 
Filters for continuous testing were prepared by packing media removed from a commercial 
filter and IXFCs (HDMA- or THA/TEA-modified) into stainless steel columns. Effluent 
perchlorate content was measured by Ion Chromatography (IC, ThermoScientific, ICS-2100).  
 
 
 
Figure 4.5 Filter assembly for continuous flowthrough experiments 
 
Pitcher filter flowthrough experiments 
Second, intermittent flow experiments were performed by passing water through a 
Brita® filter with or without IXFCs (Figure 4.4 and Figure 4.6), to observe both perchlorate 
removal as well as hydraulic performance in this application. Intermittent flow filters were 
prepared by opening Brita® replacement pitcher filter cartridges, placing THA/TEA-based 
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IXFC media inside and resealing the filters. Tests were performed by pumping water with a 
continuous flow pump and pouring water through the modified pitcher filters. Water 
composition and sample analysis were the same as the previous test. Each interval was 50 L.  
 
Figure 4.6 Brita® Filter/IXFCs assembly for intermittent test 
4.3 Results and Discussion 
4.3.1 SEM 
Compared with commercial ion exchange beads, ion exchange fiber composites are 
composed of a matrix of 7-10 µm fibers, which showed much more contact area within the 
same cross sections, as shown in Figure 4.7.  This feature provides ion exchange fiber with 
easier access for adsorbate to enter matrix and adsorption sites, thus it showed greatly 
improved mass transfer efficiency (as mechanism explained in more detail in Section 2.1.3).  
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 Figure 4.7 Ion Exchange Fiber Composites and Ion Exchange Resin  
 
There are two formats of coating - coated directly on glass fibers or in-between fibers 
(so-called bridging). In order to eliminate bridging, air brushing is employed for the coating 
procedure. Compared with conventional drip coating (Figure 4.8) or dip coating in literature 
[5], bridging in-between fibers are greatly reduced in air brushing, which could be further to 
improve the mass transfer efficiency. 
 
Figure 4.8 SEM image of IXFCs prepared by spray coating by pipette (left) and air brushing (right)  
4.3.2 Synthesis 
As shown in Figure 4.9, both of synthesis backbone and quaternary amine functional 
groups are based on nucleophilic substitution at benzylic carbon using trialkylamines. 
Polyvinylbenzyl chloride (PVBCl) and triethylenediamine (DABCO) were employed instead 
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of styrene-divinylbenzene system. There are two reasons: first, to avoid chloromethylation 
reaction, which is extremely toxic and carcinogenic; second, PVBCl and DABCO reaction is 
relatively easy to control and to repeat.  
Cl
n
N
N Cl
n
Cl
n
N
N N
N N
N
n
n
NR3
Coat on 
glass f iber
 
Figure 4.9 Synthesis of ion exchange fibers – chemistry [5] 
 
4.3.3 Batch kinetics test 
Batch kinetics tests were carried out to estimate and compare the kinetics and 
selectivity of different mono- and bi-functional materials. In order to screen out the effects 
due to different capacities of different materials, weight of samples are determined according 
to equalizing the ion exchange capacity of each sample during the kinetics test. Ion exchange 
capacities of different mono- or bi-functional amine groups are shown in Table 4.1.  
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Table 4.1 Ion exchange capacity of different samples 
Sample Ion Exchange 
Capacity 
mmol/g 
TMA 0.84 
TEA 0.62 
HDMA 1.1 
HDMA-TMA 0.95 
HDMA-TEA 0.78 
THA 0.64 
THA-TMA 0.58 
THA-TEA 0.51 
 
Batch kinetics test results for 8 different IXFCs are shown in Figure 4.10. 
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Figure 4.10 ClO4- adsorption isotherm by different IXFCs 
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In order to compare different system quantitatively, a classical pseudo second order 
sorption model [31] for ion exchange process is employed to fit the curve and thus derives 
kinetics and selectivity related parameters for comparison. The equation is shown below: dQdt = k(Qe − Qt)2 
In this equation, Q stands for adsorption capacity (mg/g) at equilibrium or at time t. k 
stands for reaction/sorption rate constant (g/mg·s). Rearranging the equation yields a linear 
form: tQt = 1kQe2 + 1Qe t 
A plot between t/Qt vs. t could be drawn to fit the curve using linear equation. 
A sample fit curve is shown below Figure 4.11. 
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Figure 4.11 Pseudo second order sorption model linear fit of TMA adsorption of ClO4- 
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A summary of key parameter derived from pseudo second order sorption model linear 
fit is summarized in Table 4.2.  
Table 4.2 Key parameters for comparing kinetics and selectivity derived from Pseudo second order sorption 
  Kd h (mg/g) Qe (mg/g) k 
(g/mg·s) 
R2 
TMA 8.5E+03 200 46 0.09 0.999460 
TEA 2.3E+04 617 36 0.47 1.000000 
HDMA 3.2E+05 226 68 0.05 0.999970 
HDMA/TEA 2.2E+05 353 47 0.16 0.999990 
HDMA/TMA 3.5E+05 118 57 0.04 0.999960 
THA 3.4E+06 136 39 0.09 0.999970 
THA/TEA 2.8E+06 161 31 0.17 0.999940 
THA/TMA 1.4E+06 219 35 0.18 0.999980 
Note: ClO4- in solution; Kd =Qe/Ce, equilibrium capacity dividied by final concentration, a key parameter for 
selectivity; k: rate constant of sorption (g/mg·s) Qe: amount of ClO4- adsorbed at equilibrium (mg/g) h: initial adsorption rate 
mg/g min as Qt/t approaches 0. 
  
There are three parameters that are used to estimate kinetics and selectivity: h 
represents initial adsorption rate, k represents overall adsorption rate; Kd (equals to Qe/Ce) is 
used to evaluate selectivity.  
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Figure 4.12 selectivity (Kd) vs. kinetics of different IXFCs 
  
A summary of selectivity and kinetics are shown in Figure 4.12. Among all eight 
IXFCs systems, mono-functional TMA and TEA IXFCs show very poor selectivity, as 
neither TMA nor TEA can remove ClO4- two orders of magnitude lower than original 
solution (Figure 4.10). However, TEA shows the fastest kinetics among all IXFCs. TMA is 
the most hydrophilic amines thus fastest mass transfer; however, it suffers both from 
selectivity and kinetics. This could be explained by the low value of the equilibration 
constant of ion exchange, that it cannot retain ClO4- on the active sites despite of fast mass 
transfer. 
HDMA series show greatly improved selectivity compared with TEA or TMA 
materials, as well as maintain reasonable kinetics. HDMA can remove perchlorate down to 
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Ce/C0 = 2×10-3. Post treatment with either TEA or TMA had minimum impact on selectivity. 
HDMA/TEA showed improved kinetics, which could be possibly explained by the 
hypothesis of bi-functional : TEA could attracts ClO4- at fast rate, while after ClO4- 
accumulated on the surface, HDMA could retain the ClO4- relative to other competing ions. 
On the other hand, HDMA/TMA showed reduced kinetics, which may be explained by the 
altered hydrophilicity by TMA modification, which greatly changed the equilibrate constant 
of ion exchange adsorption of ClO4-.  
THA series materials showed the best selectivity among all IXFCs, which could 
remove perchlorate down to Ce/C0 = 10-4 level. Original THA has one of the slowest kinetics, 
possibly due to the hydrophobicity prohibits the uptakes of water and thus very slow mass 
transfer. TMA and TEA modifications have minimum impact on selectivity; however, both 
TMA and TEA improved kinetics, with TEA is a better modifier; The improved kinetics by 
TMA modification may suggest that small amount of TMA integrated into the THA matrixs 
would not alter the hydrophobicity as much to change equilibrate constant and thus kinetics. 
A word of note is that THA series materials can still adsorb ClO4- down to order of 
magnitude lower during 2 hrs and 1 month time frame.  
With extremely high background ions, selectivity is of paramount important. A 
reasonable fast kinetics is also necessary to enable it to work in POU applications. THA 
modified with TEA shows greatly improved without scarifying the excellent selectivity. With 
that, THA/TEA was selected for flowthrough test. HDMA combines both fast kinetics and 
reasonable selectivity, along with ease of synthesis, thus is also applied for preliminary 
flowthrough test.  
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4.3.4 Flowthrough test  
 Small column flowthrough test 
As shown in Figure 4.13, results suggest that original PUR® media is incapable of 
removing perchlorate down to 30 ppb for any duration of time. Conversely, just 1.1 g of the 
IXFCs significantly increases the bed life for perchlorate removal. The HDMA-modified 
IXFC treats roughly 70 L, while the filter containing THA/TEA IXFC is capable of treating 
in excess of 210 L of water prior to breakthrough. This amount compares favorably to the 
rated life time of the two most popular pitcher style filters: Brita® at 189 L and PUR® at  
151 L. 
 
Figure 4.13 Breakthrough curve for IXFC-modified and original Pur® filtration medium at an influent concentration 
of 140 ppb perchlorate in tap water.  
Note: flowthrough condition: 20g Pur® media, 1.1g IXFCs, 30 mL Bed Volume, flow rate is 100 mL/min and superficial 
linear velocity is 4 mm/s 
 Flowthrough experiments in pitcher filter 
Intermittent flow filters were prepared by opening Brita® replacement pitcher filter 
cartridges, placing THA/TEA-based IXFC media inside and resealing the filters. As shown in 
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Figure 4.14, the Brita® filter was also incapable of removing perchlorate down 40 ppb. For 
the IXFC-modified filter, perchlorate breakthrough did not occur until 225-260 L of water 
had been passed through. This result is not quite as strong as the previous continuous test 
suggest (~380 L is expected). However, the shallow slope of the breakthrough curve (e.g. 
300 L to increase from 0 to 60 ppb) compared with previous test (e.g. 60 L to increase from 0 
to 60 ppb) indicates incomplete utilization of the IXFC insert. Two possible reasons to 
explain: 1) channeling or bypass of media; or 2) uneven distribution of flow through the 
media (e.g. flow concentrated in the center or edges of the insert).  
 
Figure 4.14 Breakthrough curve for IXFC-modified and original Brita® filter at an influent concentration of 140 ppb 
perchlorate in tap water.  
Note: National Sanitation Foundation (NSFI) certification threshold (4 ppb) and current EPA guidance (15 ppb) is shown for 
reference. Bed Volume is ~ 140 mL, Brita® media weight 47g, IXFCs weight 3.8g, flow rate is 150 mL/min and superficial 
linear velocity is approximately 2 mm/s.  
 
As shown in Table 4.3, a filter with IXFCs added performed comparably to the 
original filter after having a significant amount of water pumped through it. Conversely, a 
filter containing only an IXFC insert exhibited a much higher flow rate under identical 
conditions. Thus, the IXFC insert does not significantly hinder flow. 
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Table 4.3 flow rate before and fater insertion of IXFCs 
Filter Flow Rate 
(mL/min) 
Notes 
Original Brita® 80 Filter cut open and sealed with hot glue; flow measured after flowing 
60 L through. 
IXFC + Brita® 70 Filter cut open and sealed with hot glue; IXFC added and flow 
measured after flowing 500 L through. 
IXFC Only 200 Filter cut open, original media removed and IXFC added, and sealed 
with hot glue; measured after flowing 60 L through. 
4.4 Conclusions and Future work 
A novel series of ion exchange fiber composites (IXFCs) for perchlorate removal in 
drinking water has been developed with greatly improved mass transfer based on fibrous 
platform. To further improving selectivity and kinetics, different quaternary trialkylamines 
and combinations have been employed to modify the surface chemistry of IXFCs.  
Surprisingly, TEA showed the fastest kinetics other than TMA, since TMA is too 
hydrophilic, and selectivity also plays a critical rule determining kinetics.  TEA also serves as 
excellent kinetics enhancement modifier for both HDMA and THA system. Asymmetric 
HDMA improves selectivity one orders of magnitude compared with TMA and TEA, and 
greatly improved kinetics with both TMA and TEA modifier. THA showed the highest 
selectivity, with Kd two orders of magnitude higher than TEA and TMA. THA modified with 
TEA showed greatly improved kinetics while minimum decrease of selectivity.  
During flowthrough test, original commercially available filter media has extremely 
bad selectivity and poor kinetics to even remove 150 ppb ClO4- down to EPA limit. 
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THA/TEA IXFCs can remove it down to detection limit and it can process more than 200 L, 
which satisfy the commercial requirements (160L). Besides, IXFC inserts had a relatively 
minor impact on the filters’ resistance to flow, suggesting the strong likelihood that they can 
serve as a “drop-in” solution for commercial pitcher filters. 
In future, research efforts should be put on improving the stability of coatings of 
polymer matrix. Also, scale-up efforts is also made in Serionix, Inc. on the way of 
commercializing this technology.  
In addition, due to the similarity between TcO4- and ClO4- , the similar chemistry 
could also be applied for radioactive waste—TcO4- removal (as shown in Figure 4.15). Since 
glass fibers are used as substrate for ion exchange fibers, employing IXFCs for TcO4- may be 
vitrified directly after adsorption in order to confine the contaminants after bury underground. 
A preliminary test showed that IXFCs not only can bring ReO4- (Re is a non-radioactive 
surrogate for Tc) down below detection limits (Figure 4.15 and Figure 4.16), but also can be 
vitrified easily (Figure 4.16). Vitrified products are very stable with no or minimum leaching 
of Re (Figure 4.16 and Table 4.4). This preliminary data may show the potential applications 
of techniques of using IXFCs for TcO4- removal and one-pot-vitrification. 
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Figure 4.15 ReO4- removal kinetic test vs. ClO4- kinetic test  
Note: ReO4- and ClO4- with starting concentration of 150 ppm and 60 ppm in 100 ml solution, respectively; both 
HDMA and THA/TEA are 100mg. 
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Figure 4.16  Illustration of process to adsorb, vitrify, and bury the radioactive TcO4- (ReO4-).  
Note: Adsorption of ReO4, original IXFCs (top-left); Re loaded IXFCs in ceramic container (top-right); vitrified Re-IXFCs 
(bottom left and right) vitrification is at 1050 °C for 2 hrs in air.  
 
Table 4.4 Re content in different step and media 
Steps Re Conc. Re Weight 
 ppb mg 
Targeted contaminated water 2240 0.3472 
After IXFCs adsorption 0 0.0000 
Leaching solution by soak large particle in 
water and shake overnight 
0 0.0000 
Leaching solution by soak fine particles in 
water and shake overnight 
75 0.0015 
Note: Re concentration is measured by ICP-MS with detection limit on level of 100 ppt. 
 IXFCs Re-Loaded IXFCs2240 ppb Re
0 ppb Re in Residue Solution
Vitrification Bury Adsorption
Grind to Granules
Shake Overnight
Take out sample and Dry
DIW + Re-Glass-Granule
0 ppb Re
DIW + Re-Glass-Granule
Leaching Test
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